Energy Management in IaaS Clouds: A Holistic Approach by Feller, Eugen et al.
Energy Management in IaaS Clouds: A Holistic
Approach
Eugen Feller, Cyril Rohr, David Margery, Christine Morin
To cite this version:
Eugen Feller, Cyril Rohr, David Margery, Christine Morin. Energy Management in IaaS Clouds:
A Holistic Approach. [Research Report] RR-7946, INRIA. 2012. <hal-00692236>
HAL Id: hal-00692236
https://hal.inria.fr/hal-00692236
Submitted on 29 Apr 2012
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
IS
S
N
0
2
4
9
-6
3
9
9
IS
R
N
IN
R
IA
/R
R
--
7
9
4
6
--
F
R
+
E
N
G
RESEARCH
REPORT
N° 7946
April 2012
Project-Teams MYRIADS
Energy Management in
IaaS Clouds: A Holistic
Approach
Eugen Feller, Cyril Rohr, David Margery, Christine Morin

RESEARCH CENTRE
RENNES – BRETAGNE ATLANTIQUE
Campus universitaire de Beaulieu
35042 Rennes Cedex
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆
❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤
❊✉❣❡♥ ❋❡❧❧❡r∗✱ ❈②r✐❧ ❘♦❤r ∗✱ ❉❛✈✐❞ ▼❛r❣❡r② ∗✱ ❈❤r✐st✐♥❡ ▼♦r✐♥ ∗
Pr♦❥❡❝t✲❚❡❛♠s ▼❨❘■❆❉❙
❘❡s❡❛r❝❤ ❘❡♣♦rt ♥➦ ✼✾✹✻ ✖ ❆♣r✐❧ ✷✵✶✷ ✖ ✷✶ ♣❛❣❡s
❆❜str❛❝t✿ ❊♥❡r❣② ❡✣❝✐❡♥❝② ❤❛s ♥♦✇ ❜❡❝♦♠❡ ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r ❞❡s✐❣♥ ❝♦♥str❛✐♥ts ❢♦r ❝✉rr❡♥t
❛♥❞ ❢✉t✉r❡ ❝❧♦✉❞ ❞❛t❛ ❝❡♥t❡r ♦♣❡r❛t♦rs✳ ❖♥❡ ✇❛② t♦ ❝♦♥s❡r✈❡ ❡♥❡r❣② ✐s t♦ tr❛♥s✐t✐♦♥ ✐❞❧❡ s❡r✈❡rs
✐♥t♦ ❛ ❧♦✇❡r ♣♦✇❡r✲st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮✳ ❚❤❡r❡❢♦r❡✱ ✈✐rt✉❛❧ ♠❛❝❤✐♥❡ ✭❱▼✮ ♣❧❛❝❡♠❡♥t ❛♥❞ ❞②♥❛♠✐❝
❱▼ s❝❤❡❞✉❧✐♥❣ ❛❧❣♦r✐t❤♠s ❛r❡ ♣r♦♣♦s❡❞ t♦ ❢❛❝✐❧✐t❛t❡ t❤❡ ❝r❡❛t✐♦♥ ♦❢ ✐❞❧❡ t✐♠❡s✳ ❍♦✇❡✈❡r✱ t❤❡s❡
❛❧❣♦r✐t❤♠s ❛r❡ r❛r❡❧② ✐♥t❡❣r❛t❡❞ ✐♥ ❛ ❤♦❧✐st✐❝ ❛♣♣r♦❛❝❤ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧② ❡✈❛❧✉❛t❡❞ ✐♥ ❛ r❡❛❧✐st✐❝
❡♥✈✐r♦♥♠❡♥t✳
■♥ t❤✐s ♣❛♣❡r ✇❡ ♣r❡s❡♥t t❤❡ ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ❛❧❣♦r✐t❤♠s ❛♥❞ ♠❡❝❤❛♥✐s♠s ♦❢ ❛ ♥♦✈❡❧ ❤♦❧✐st✐❝
❡♥❡r❣②✲❛✇❛r❡ ❱▼ ♠❛♥❛❣❡♠❡♥t ❢r❛♠❡✇♦r❦ ❢♦r ♣r✐✈❛t❡ ❝❧♦✉❞s ❝❛❧❧❡❞ ❙♥♦♦③❡✳ ❲❡ ❝♦♥❞✉❝t ❛♥ ❡①✲
t❡♥s✐✈❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ❡♥❡r❣② ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ✐♠♣❧✐❝❛t✐♦♥s ♦❢ ♦✉r s②st❡♠ ♦♥ ✸✹ ♣♦✇❡r✲♠❡t❡r❡❞
♠❛❝❤✐♥❡s ♦❢ t❤❡ ●r✐❞✬✺✵✵✵ ❡①♣❡r✐♠❡♥t❛t✐♦♥ t❡st❜❡❞ ✉♥❞❡r ❞②♥❛♠✐❝ ✇❡❜ ✇♦r❦❧♦❛❞s✳ ❚❤❡ r❡s✉❧ts
s❤♦✇ t❤❛t t❤❡ ❡♥❡r❣② s❛✈✐♥❣ ♠❡❝❤❛♥✐s♠s ❛❧❧♦✇ ❙♥♦♦③❡ t♦ ❞②♥❛♠✐❝❛❧❧② s❝❛❧❡ ❞❛t❛ ❝❡♥t❡r ❡♥❡r❣② ❝♦♥✲
s✉♠♣t✐♦♥ ♣r♦♣♦rt✐♦♥❛❧❧② t♦ t❤❡ ❧♦❛❞✱ t❤✉s ❛❝❤✐❡✈✐♥❣ s✉❜st❛♥t✐❛❧ ❡♥❡r❣② s❛✈✐♥❣s ✇✐t❤ ♦♥❧② ❧✐♠✐t❡❞
✐♠♣❛❝t ♦♥ ❛♣♣❧✐❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✳
❑❡②✲✇♦r❞s✿ ❈❧♦✉❞ ❈♦♠♣✉t✐♥❣✱ ❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t✱ ❈♦♥s♦❧✐❞❛t✐♦♥✱ ❘❡❧♦❝❛t✐♦♥✱ ▲✐✈❡ ▼✐❣r❛t✐♦♥✱
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❘❡♥♥❡s✱ ❋r❛♥❝❡ ✲ ④❊✉❣❡♥ ❋❡❧❧❡r✱ ❈②r✐❧✳❘♦❤r✱ ❉❛✈✐❞✳▼❛r❣❡r②✱ ❈❤r✐st✐♥❡ ▼♦r✐♥⑥❅✐♥r✐❛✳❢r
●❡st✐♦♥ ❞✬é♥❡r❣✐❡ ♣♦✉r ❧❡s s❡r✈✐❝❡s ✐♥❢♦r♠❛t✐q✉❡s
❤é❜❡r❣és s✉r ❧❡ ♠♦❞❡ ■❛❛❙✿ ✉♥❡ ❛♣♣r♦❝❤❡ ✐♥té❣ré❡
❘és✉♠é ✿ ▲❛ ♣❡r❢♦r♠❛♥❝❡ é♥❡r❣ét✐q✉❡ ❡st ♠❛✐♥t❡♥❛♥t ❞❡✈❡♥✉❡ ❧✬✉♥❡ ❞❡s
❝♦♥tr❛✐♥t❡s ♠❛❥❡✉r❡s ♣♦✉r ❧❡s ♦♣ér❛t❡✉rs ❛❝t✉❡❧s ❡t ❢✉t✉rs ❞❡ ❝❡♥tr❡s ❞❡ ❝❧♦✉❞✳
❯♥❡ ❞❡s ♠❛♥✐èr❡s ❞❡ ❝♦♥s❡r✈❡r ❧✬é♥❡r❣✐❡ ❡st ❞❡ ❢❛✐r❡ ♣❛ss❡r ❧❡s s❡r✈❡✉rs ✐♥✉✲
t✐❧✐sés ❞❛♥s ✉♥ ét❛t ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ ♠♦✐♥❞r❡ ✭♣❛r ❡①❡♠♣❧❡✱ ✬s✉s♣❡♥❞✬✮✳ P❛r
❝♦♥séq✉❡♥t✱ ❞❡s ❛❧❣♦r✐t❤♠❡s ❞❡ ♣❧❛❝❡♠❡♥t ❡t ❞✬♦r❞♦♥♥❛♥❝❡♠❡♥t ❞②♥❛♠✐q✉❡ ❞❡
♠❛❝❤✐♥❡ ✈✐rt✉❡❧❧❡ ✭▼❱✮ ♦♥t été ♣r♦♣♦sés ♣♦✉r ❢❛❝✐❧✐t❡r ❧❛ ❝ré❛t✐♦♥ ❞❡ ♣ér✐♦❞❡s
❞✬✐♥❛❝t✐✈✐té✳ ❈❡♣❡♥❞❛♥t ❝❡s ❛❧❣♦r✐t❤♠❡s s♦♥t r❛r❡♠❡♥t ✐♥té❣rés ❞❛♥s ✉♥❡ s♦❧✉✲
t✐♦♥ ❝♦♠♣❧èt❡✱ ❡t r❛r❡♠❡♥t é✈❛❧✉és ❞❡ ♠❛♥✐èr❡ ❡①♣ér✐♠❡♥t❛❧❡ ❞❛♥s ✉♥ ❡♥✈✐r♦♥✲
♥❡♠❡♥t ré❛❧✐st❡✳
❉❛♥s ❝❡t ❛rt✐❝❧❡✱ ♥♦✉s ♣rés❡♥t♦♥s ❧❡s ❛❧❣♦r✐t❤♠❡s ❡t ♠é❝❛♥✐s♠❡s ❞❡ ❣❡s✲
t✐♦♥ ❞✬é♥❡r❣✐❡ ❞❡ ❙♥♦♦③❡✱ ✉♥ s②stè♠❡ ♥♦✈❛t❡✉r ❞❡ ❣❡st✐♦♥ ❞❡ ▼❱ ♣♦✉r ❝❡♥✲
tr❡s ❞❡ ❝❧♦✉❞ ♣r✐✈és✳ ◆♦✉s ❡✛❡❝t✉♦♥s ✉♥❡ é✈❛❧✉❛t✐♦♥ ❛♣♣r♦❢♦♥❞✐❡ ❞❡s ✐♠♣❧✐❝❛✲
t✐♦♥s ❡♥ t❡r♠❡ ❞✬é♥❡r❣✐❡ ❡t ❞❡ ♣❡r❢♦r♠❛♥❝❡ ❞❡ ❝❡ s②stè♠❡ ❡♥ r❡♣r♦❞✉✐s❛♥t ✉♥❡
❝❤❛r❣❡ t②♣✐q✉❡ ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ✇❡❜ ❞②♥❛♠✐q✉❡s✱ s✉r ✸✹ ♠❛❝❤✐♥❡s ❞❡ ❧❛ ♣❧❛t❡✲
❢♦r♠❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥ ●r✐❞✬✺✵✵✵✵✱ ❞♦♥t ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ ❡♥ é♥❡r❣✐❡ ♣❡✉t êtr❡
♠❡s✉ré❡✳ ▲❡s rés✉❧t❛ts ♠♦♥tr❡♥t q✉❡ ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞✬é♥❡r❣✐❡
❞❡ ❙♥♦♦③❡ ❧✉✐ ♣❡r♠❡tt❡♥t ❞✬❛❞❛♣t❡r ❧❛ ❝♦♥s♦♠♠❛t✐♦♥ é♥❡r❣ét✐q✉❡ ❞✬✉♥ ❝❡♥tr❡
❞❡ ❝❧♦✉❞ ♣r♦♣♦rt✐♦♥♥❡❧❧❡♠❡♥t à ❧❛ ❝❤❛r❣❡✱ ❝♦♥❞✉✐s❛♥t ❛✐♥s✐ à ❞❡s ❣❛✐♥s s✐❣♥✐✲
✜❝❛t✐❢s ❡♥ t❡r♠❡ ❞❡ ❝♦♥s♦♠♠❛t✐♦♥ é♥❡r❣ét✐q✉❡✱ ❛✈❡❝ ✉♥ ✐♠♣❛❝t ❧✐♠✐té s✉r ❧❡s
♣❡r❢♦r♠❛♥❝❡s ❞❡ ❧✬❛♣♣❧✐❝❛t✐♦♥✳
▼♦ts✲❝❧és ✿ ■♥❢♦r♠❛t✐q✉❡ ❡♥ ♥✉❛❣❡✱ ●❡st✐♦♥ ❞✬é♥❡r❣✐❡✱ ❈♦♥s♦❧✐❞❛t✐♦♥✱ ❘❡❧♦✲
❝❛❧✐s❛t✐♦♥✱ ▼✐❣r❛t✐♦♥ à ❝❤❛✉❞✱ ❱✐rt✉❛❧✐s❛t✐♦♥
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✸
✶ ■♥tr♦❞✉❝t✐♦♥
❈❧♦✉❞ ❝♦♠♣✉t✐♥❣ ❤❛s ❣❛✐♥❡❞ ❛ ❧♦t ♦❢ ❛tt❡♥t✐♦♥ ❞✉r✐♥❣ t❤❡ ❧❛st ②❡❛rs ❛♥❞ ❝❧♦✉❞
♣r♦✈✐❞❡rs ❤❛✈❡ r❡❛❝t❡❞ ❜② ❜✉✐❧❞✐♥❣ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡rs ♦❢ ❡♥❡r❣② ❤✉♥❣r② ❞❛t❛
❝❡♥t❡rs ✐♥ ♦r❞❡r t♦ s❛t✐s❢② t❤❡ ❣r♦✇✐♥❣ ❝✉st♦♠❡rs r❡s♦✉r❝❡ ✭❡✳❣✳ st♦r❛❣❡✱ ❝♦♠✲
♣✉t✐♥❣ ♣♦✇❡r✮ ❞❡♠❛♥❞s✳ ❙✉❝❤ ❞❛t❛ ❝❡♥t❡rs ❞♦ ♥♦t ♦♥❧② ✐♠♣♦s❡ s❝❛❧❛❜✐❧✐t② ❛♥❞
❛✉t♦♥♦♠② ✭✐✳❡✳ s❡❧❢✲♦r❣❛♥✐③❛t✐♦♥ ❛♥❞ ❤❡❛❧✐♥❣✮ ❝❤❛❧❧❡♥❣❡s ♦♥ t❤❡✐r ♠❛♥❛❣❡♠❡♥t
❢r❛♠❡✇♦r❦s✱ ❜✉t ❛❧s♦ r❛✐s❡ q✉❡st✐♦♥s r❡❣❛r❞✐♥❣ t❤❡✐r ❡♥❡r❣② ❡✣❝✐❡♥❝② ❬✶❪✳ ❋♦r
✐♥st❛♥❝❡✱ ❘❛❝❦s♣❛❝❡ ✇❤✐❝❤ ✐s ❛ ✇❡❧❧ ❦♥♦✇♥ ■♥❢r❛str✉❝t✉r❡✲❛s✲❛✲❙❡r✈✐❝❡ ✭■❛❛❙✮
♣r♦✈✐❞❡r ❤♦st❡❞ ❛♣♣r♦①✐♠❛t❡❧② ✼✽✳✼✶✼ s❡r✈❡rs ❛♥❞ s❡r✈❡❞ ✶✻✶✳✹✷✷ ❝✉st♦♠❡rs ✐♥
✷✵✶✶ ❬✷❪✳ ▼♦r❡♦✈❡r✱ ✐♥ ✷✵✶✵ ❞❛t❛ ❝❡♥t❡rs ❤❛✈❡ ❝♦♥s✉♠❡❞ ❛♣♣r♦①✐♠❛t❡❧② ✶✳✶ ✲
✶✳✺✪ ♦❢ t❤❡ ✇♦r❧❞ ❡♥❡r❣② ❬✸❪✳
❖♥❡ ✇❡❧❧ ❦♥♦✇♥ t❡❝❤♥✐q✉❡ t♦ ❝♦♥s❡r✈❡ ❡♥❡r❣② ❜❡s✐❞❡s ✐♠♣r♦✈✐♥❣ t❤❡ ❤❛r❞✲
✇❛r❡ ✐s t♦ ✈✐rt✉❛❧✐③❡ t❤❡ ❞❛t❛ ❝❡♥t❡rs ❛♥❞ tr❛♥s✐t✐♦♥ ✐❞❧❡ ♣❤②s✐❝❛❧ s❡r✈❡rs ✐♥t♦
❛ ❧♦✇❡r ♣♦✇❡r✲st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮ ❞✉r✐♥❣ ♣❡r✐♦❞s ♦❢ ❧♦✇ ✉t✐❧✐③❛t✐♦♥✳ ❚r❛♥s✐✲
t✐♦♥✐♥❣ ✐❞❧❡ r❡s♦✉r❝❡s ✐♥t♦ ❛ ❧♦✇❡r ♣♦✇❡r st❛t❡ ✐s ❡s♣❡❝✐❛❧❧② ❜❡♥❡✜❝✐❛❧ ❛s s❡r✈❡rs
❛r❡ r❛r❡❧② ❢✉❧❧② ✉t✐❧✐③❡❞ ❛♥❞ ❧❛❝❦ ♣♦✇❡r✲♣r♦♣♦rt✐♦♥❛❧✐t②✳ ❋♦r ❡①❛♠♣❧❡✱ ❛❝❝♦r❞✐♥❣
t♦ ♦✉r ♦✇♥ ♠❡❛s✉r❡♠❡♥ts ❝♦♥❞✉❝t❡❞ ♦♥ t❤❡ ●r✐❞✬✺✵✵✵ ❡①♣❡r✐♠❡♥t❛❧ t❡st❜❡❞ ✐♥
❋r❛♥❝❡✱ ♠♦❞❡r♥ s❡r✈❡rs st✐❧❧ ❝♦♥s✉♠❡ ❛ ❤✉❣❡ ❛♠♦✉♥t ♦❢ ♣♦✇❡r ✭∼ ✶✽✷❲✮ ❞❡s♣✐t❡
❜❡✐♥❣ ✐❞❧❡✳ ❈♦♥s❡q✉❡♥t❧②✱ t❛❦✐♥❣ ❡♥❡r❣② s❛✈✐♥❣ ❛❝t✐♦♥s ❞✉r✐♥❣ ♣❡r✐♦❞s ♦❢ ❧♦✇ ✉t✐✲
❧✐③❛t✐♦♥ ❛♣♣❡❛rs t♦ ❜❡ ❛ttr❛❝t✐✈❡ ❛♥❞ t❤✉s ✐s t❤❡ t❛r❣❡t ♦❢ ♦✉r r❡s❡❛r❝❤✳ ❍♦✇❡✈❡r✱
❛s ✈✐rt✉❛❧ ♠❛❝❤✐♥❡s ✭❱▼s✮ ❛r❡ t②♣✐❝❛❧❧② ❧♦❛❞ ❜❛❧❛♥❝❡❞ ❛❝r♦ss t❤❡ s❡r✈❡rs✱ ✐❞❧❡
t✐♠❡s ♥❡❡❞ t♦ ❜❡ ❝r❡❛t❡❞ ✜rst✳ ❚❤❡r❡❢♦r❡✱ ❞②♥❛♠✐❝ ❱▼ r❡❧♦❝❛t✐♦♥ ❛♥❞ ❝♦♥s♦❧✲
✐❞❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ♦r❞❡r t♦ ♠✐❣r❛t❡ ❱▼s ❛✇❛② ❢r♦♠ ✉♥❞❡r✉t✐❧✐③❡❞ s❡r✈❡rs✳
■t ❝❛♥ ❜❡ ❞♦♥❡ ❡✐t❤❡r ❡✈❡♥t✲❜❛s❡❞ ✭✐✳❡✳ r❡❧♦❝❛t✐♦♥✮ ✉♣♦♥ ✉♥❞❡r❧♦❛❞ ❞❡t❡❝t✐♦♥
♦r ♣❡r✐♦❞✐❝❛❧❧② ✭✐✳❡✳ ❝♦♥s♦❧✐❞❛t✐♦♥✮ ❜② ✉t✐❧✐③✐♥❣ t❤❡ ❧✐✈❡ ♠✐❣r❛t✐♦♥ ❢❡❛t✉r❡s ♦❢
♠♦❞❡r♥ ❤②♣❡r✈✐s♦rs ✭❡✳❣✳ ❑❱▼ ❬✹❪✱ ❳❡♥ ❬✺❪✮✳
❙♦♠❡ ❞②♥❛♠✐❝ ❱▼ r❡❧♦❝❛t✐♦♥ ✭❡✳❣✳ ❬✻❪✮ ❛♥❞ ♠❛♥② ❝♦♥s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠s
✭❡✳❣✳ ❬✼✱ ✽✱ ✾❪✮ ❤❛✈❡ ❜❡❡♥ r❡❝❡♥t❧② ♣r♦♣♦s❡❞ ✇✐t❤ ♦♥❧② ❢❡✇ ♦❢ t❤❡♠ ❜❡✐♥❣ ✈❛❧✐❞❛t❡❞
✐♥ ❛ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥t ✭❡✳❣✳ ❬✻❪✮ t❤♦✉❣❤ ✉♥❞❡r st❛t✐❝ ✇♦r❦❧♦❛❞s ✭✐✳❡✳ t❤❡
♥✉♠❜❡r ♦❢ ❱▼s ✐♥ t❤❡ s②st❡♠ st❛②s ❝♦♥st❛♥t✮✳ ▼♦r❡♦✈❡r✱ ❛❧❧ t❤❡s❡ ✇♦r❦s ❡✐t❤❡r
t❛r❣❡t r❡❧♦❝❛t✐♦♥ ♦r ❝♦♥s♦❧✐❞❛t✐♦♥ ❛♥❞ ♠♦st❧② ❝♦♥s✐❞❡r ♦♥❧② t✇♦ r❡s♦✉r❝❡s ✭✐✳❡✳
❈P❯✱ ♠❡♠♦r②✮✳
❚♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡ ♥♦♥❡ ♦❢ t❤❡ ♠❡♥t✐♦♥❡❞ ✇♦r❦s✿ ✭✶✮ ✐♥t❡❣r❛t❡
♠♦st ♦❢ t❤❡ ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ♠❡❝❤❛♥✐s♠s ✇✐t❤✐♥ ❛ ❤♦❧✐st✐❝ ❝❧♦✉❞ ♠❛♥❛❣❡✲
♠❡♥t ❢r❛♠❡✇♦r❦✿ ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ♠♦♥✐t♦r✐♥❣ ❛♥❞ ❡st✐♠❛t✐♦♥s✱ ♦✈❡r❧♦❛❞
❛♥❞ ✉♥❞❡r❧♦❛❞ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥✱ r❡❧♦❝❛t✐♦♥✱ ❝♦♥s♦❧✐❞❛t✐♦♥✱ ❛♥❞ ♣♦✇❡r ♠❛♥✲
❛❣❡♠❡♥t❀ ✭✷✮ ❡①♣❡r✐♠❡♥t❛❧❧② ❡✈❛❧✉❛t❡ t❤❡♠ ✉♥❞❡r ❞②♥❛♠✐❝ ✇♦r❦❧♦❛❞s ✭✐✳❡✳ ♦♥✲
❞❡♠❛♥❞ ❱▼ ♣r♦✈✐s✐♦♥✐♥❣✮❀ ✭✸✮ ❝♦♥s✐❞❡r ♠♦r❡ t❤❛♥ t✇♦ r❡s♦✉r❝❡ ❞✐♠❡♥s✐♦♥s ✭❡✳❣✳
❈P❯✱ ♠❡♠♦r②✱ ♥❡t✇♦r❦ ❘①✱ ❛♥❞ ♥❡t✇♦r❦ ❚①✮✳
■♥ ♦✉r ♣r❡✈✐♦✉s ✇♦r❦ ❬✶✵❪ ✇❡ ❤❛✈❡ ♣r♦♣♦s❡❞ ❛ ♥♦✈❡❧ s❝❛❧❛❜❧❡ ❛♥❞ ❛✉t♦♥♦♠✐❝
❱▼ ♠❛♥❛❣❡♠❡♥t ❢r❛♠❡✇♦r❦ ❢♦r ♣r✐✈❛t❡ ❝❧♦✉❞s ❝❛❧❧❡❞ ❙♥♦♦③❡✳ ■♥ t❤✐s ✇♦r❦✱ ✇❡
❢♦❝✉s ♦♥ ✐ts ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ❛❧❣♦r✐t❤♠s ❛♥❞ ♠❡❝❤❛♥✐s♠s✳ ❖✉r ✜rst ❝♦♥tr✐✲
❜✉t✐♦♥ ✐s ❛ ✉♥✐q✉❡ ❤♦❧✐st✐❝ s♦❧✉t✐♦♥ t♦ ♣❡r❢♦r♠ ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ♠♦♥✐✲
t♦r✐♥❣ ❛♥❞ ❡st✐♠❛t✐♦♥s✱ ❞❡t❡❝t ❛♥❞ r❡❛❝t t♦ ❛♥♦♠❛❧② s✐t✉❛t✐♦♥s ❛♥❞ ✜♥❛❧❧② ❞♦
❞②♥❛♠✐❝ ❱▼ r❡❧♦❝❛t✐♦♥ ❛♥❞ ❝♦♥s♦❧✐❞❛t✐♦♥ t♦ ♣♦✇❡r ♦✛ ❛♥❞ ♦♥ ✐❞❧❡ s❡r✈❡rs✳ ❖✉r
s❡❝♦♥❞ ❝♦♥tr✐❜✉t✐♦♥ ✐s ❛♥ ❡①♣❡r✐♠❡♥t❛❧ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♣r♦♣♦s❡❞ ❛❧❣♦r✐t❤♠s
❛♥❞ ♠❡❝❤❛♥✐s♠s ✐♥ ❛ r❡❛❧✐st✐❝ ❡♥✈✐r♦♥♠❡♥t ✉s✐♥❣ ❞②♥❛♠✐❝ ✇❡❜ ✇♦r❦❧♦❛❞s ♦♥ ✸✹
♣♦✇❡r✲♠❡t❡r❡❞ ♥♦❞❡s ♦❢ t❤❡ ●r✐❞✬✺✵✵✵ ❡①♣❡r✐♠❡♥t❛❧ t❡st❜❡❞✳
❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t ❙♥♦♦③❡ ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ♠❡❝❤❛♥✐s♠s ❛❧❧♦✇ ✐t t♦
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✹
s❝❛❧❡ t❤❡ ❞❛t❛ ❝❡♥t❡r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♣r♦♣♦rt✐♦♥❛❧❧② t♦ ❝✉rr❡♥t ✉t✐❧✐③❛t✐♦♥
✇✐t❤ ♦♥❧② ❧✐♠✐t❡❞ ✐♠♣❛❝t ♦♥ ❛♣♣❧✐❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✱ t❤✉s ❛❝❤✐❡✈✐♥❣ s✉❜st❛♥t✐❛❧
❡♥❡r❣② s❛✈✐♥❣s✳ ❚❤✐s ✇♦r❦ ❤❛s ❞✐r❡❝t ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥ ❛s ✐t ❝❛♥ ❜❡ ❡✐t❤❡r
❛♣♣❧✐❡❞ ✐♥ ❛ ♣r♦❞✉❝t✐♦♥ ❡♥✈✐r♦♥♠❡♥t t♦ ❝♦♥s❡r✈❡ ❡♥❡r❣② ♦r ❛s ❛ r❡s❡❛r❝❤ t❡st❜❡❞
❢♦r t❡st✐♥❣ ❛♥❞ ❡①♣❡r✐♠❡♥t✐♥❣ ✇✐t❤ ❛❞✈❛♥❝❡❞ ❡♥❡r❣②✲❛✇❛r❡ ❱▼ s❝❤❡❞✉❧✐♥❣ ❛❧✲
❣♦r✐t❤♠s✳
❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❛rt✐❝❧❡ ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ❙❡❝t✐♦♥ ✷ ❞✐s❝✉ss❡s t❤❡
r❡❧❛t❡❞ ✇♦r❦✳ ❙❡❝t✐♦♥ ✸ ✐♥tr♦❞✉❝❡s t❤❡ ❡♥❡r❣② s❛✈✐♥❣ ❛❧❣♦r✐t❤♠s ❛♥❞ ♠❡❝❤❛♥✐s♠s
♦❢ ❙♥♦♦③❡✳ ❙❡❝t✐♦♥ ✹ ♣r❡s❡♥ts t❤❡ ❡✈❛❧✉❛t✐♦♥ r❡s✉❧ts✳ ❙❡❝t✐♦♥ ✺ ❝❧♦s❡s t❤✐s ❛rt✐❝❧❡
✇✐t❤ ❝♦♥❝❧✉s✐♦♥s ❛♥❞ ❢✉t✉r❡ ✇♦r❦✳
✷ ❇❛❝❦❣r♦✉♥❞
❊♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ❤❛s ❜❡❡♥ t❤❡ t❛r❣❡t ♦❢ r❡s❡❛r❝❤ ❞✉r✐♥❣ t❤❡ ❧❛st ②❡❛rs ❛♥❞ ❧❡❞
t♦ ♠❛♥② ✇♦r❦s ❛t ❛❧❧ ❧❡✈❡❧s ✭✐✳❡✳ ❤❛r❞✇❛r❡ ❛♥❞ s♦❢t✇❛r❡✮ ♦❢ t❤❡ ✐♥❢r❛str✉❝t✉r❡✳
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❙❡♥❞✐♥❣ r❡s♦✉r❝❡ ♠❛♥❛❣❡♠❡♥t ❝♦♠♠❛♥❞s ✭❡✳❣✳ st❛rt ❱▼✱ ♠✐❣r❛t❡ ❱▼✱ s✉s♣❡♥❞
❤♦st✮ t♦ t❤❡ ▲❈s✳
▲❈s ❡♥❢♦r❝❡ ❱▼ ❛♥❞ ❤♦st ♠❛♥❛❣❡♠❡♥t ❝♦♠♠❛♥❞s ❝♦♠✐♥❣ ❢r♦♠ t❤❡ ●▼✳
▼♦r❡♦✈❡r✱ t❤❡② ♠♦♥✐t♦r ❱▼s✱ ❞❡t❡❝t ♦✈❡r❧♦❛❞✴✉♥❞❡r❧♦❛❞ ❛♥♦♠❛❧② s✐t✉❛t✐♦♥s
❛♥❞ r❡♣♦rt t❤❡♠ t♦ t❤❡ ❛ss✐❣♥❡❞ ●▼✳
❚❤❡r❡ ❡①✐sts ♦♥❡ ●▲ ✇❤✐❝❤ ♦✈❡rs❡❡s t❤❡ ●▼s✱ ❦❡❡♣s ❛❣❣r❡❣❛t❡❞ ●▼ r❡s♦✉r❝❡
s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥✱ ❛ss✐❣♥s ▲❈s t♦ ●▼s✱ ❛♥❞ ❞✐s♣❛t❝❤❡s ❱▼ s✉❜♠✐ss✐♦♥
r❡q✉❡sts t♦ t❤❡ ●▼s✳ ❚❤❡ r❡s♦✉r❝❡ s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥ ❤♦❧❞s t❤❡ t♦t❛❧ ❛❝t✐✈❡✱
♣❛ss✐✈❡✱ ❛♥❞ ✉s❡❞ ❝❛♣❛❝✐t② ♦❢ ❛ ●▼✳ ❆❝t✐✈❡ ❝❛♣❛❝✐t② r❡♣r❡s❡♥ts t❤❡ ❝❛♣❛❝✐t②
♦❢ ♣♦✇❡r❡❞ ♦♥ ▲❈s✱ ✇❤✐❧❡ ♣❛ss✐✈❡ ❝❛♣❛❝✐t② ❝❛♣t✉r❡s r❡s♦✉r❝❡s ❛✈❛✐❧❛❜❧❡ ♦♥ ▲❈s
✐♥ ♣♦✇❡r s❛✈✐♥❣ st❛t❡✳ ❋✐♥❛❧❧②✱ ✉s❡❞ ❝❛♣❛❝✐t② r❡♣r❡s❡♥ts t❤❡ ❛❣❣r❡❣❛t❡❞ ▲❈
✉t✐❧✐③❛t✐♦♥✳
❆ ❝❧✐❡♥t ❧❛②❡r ♣r♦✈✐❞❡s t❤❡ ✉s❡r ✐♥t❡r❢❛❝❡✳ ■t ✐s ✐♠♣❧❡♠❡♥t❡❞ ❜② ❛ ♣r❡❞❡✜♥❡❞
♥✉♠❜❡r ♦❢ r❡♣❧✐❝❛t❡❞ ❊♥tr② P♦✐♥ts ✭❊Ps✮✳
✸✳✸ ❙②st❡♠ P❛r❛♠❡t❡rs
▲❡t ▲❈s ❞❡♥♦t❡ t❤❡ s❡t ♦❢ ▲❈s ❛♥❞ ❱▼s t❤❡ s❡t ♦❢ ❱▼s✱ ✇✐t❤ ♥ ❂ |LCs| ❛♥❞
m = |VMs| r❡♣r❡s❡♥t✐♥❣ t❤❡ ❛♠♦✉♥ts ♦❢ ▲❈s ❛♥❞ ❱▼s✱ r❡s♣❡❝t✐✈❡❧②✳
❆✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s ✭✐✳❡✳ ❈P❯✱ ♠❡♠♦r②✱ ♥❡t✇♦r❦ ❘①✱ ❛♥❞ ♥❡t✇♦r❦ ❚①✮ ❛r❡
❞❡✜♥❡❞ ❜② t❤❡ s❡t ❘ ✇✐t❤ ❞ ❂ |R| ✭❞ ❂ ✹✮✳ ❈P❯ ✉t✐❧✐③❛t✐♦♥ ✐s ♠❡❛s✉r❡❞ ✐♥
♣❡r❝❡♥t❛❣❡ ♦❢ t❤❡ t♦t❛❧ ▲❈ ❝❛♣❛❝✐t②✳ ❋♦r ❡①❛♠♣❧❡✱ ✐❢ ❛ ▲❈ ❤❛s ❢♦✉r ♣❤②s✐❝❛❧
❝♦r❡s ✭P❈❖❘❊❙✮ ❛♥❞ ❛ ❣✐✈❡♥ ❱▼ r❡q✉✐r❡s t✇♦ ✈✐rt✉❛❧ ❝♦r❡s ✭❱❈❖❘❊❙✮✱ t❤❡
♠❛①✐♠✉♠ ❈P❯ r❡q✉✐r❡♠❡♥t ♦❢ ❛ ❱▼ ✇♦✉❧❞ ❜❡ ✺✵✪✳ ▼❡♠♦r② ✐s ♠❡❛s✉r❡❞ ✐♥
❑✐❧♦❜②t❡s ❛♥❞ ♥❡t✇♦r❦ ✉t✐❧✐③❛t✐♦♥ ✐♥ ❇②t❡s✴s❡❝✳
❱▼s ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② r❡q✉❡st❡❞ ❛♥❞ ✉s❡❞ ❝❛♣❛❝✐t② ✈❡❝t♦rs ✭RCv r❡s♣✳
UCv✮✳ RCv := {RCv,k}1≤k≤d r❡✢❡❝ts t❤❡ st❛t✐❝ ❱▼ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts ✐♥
✇❤✐❝❤ ❡❛❝❤ ❝♦♠♣♦♥❡♥t ❞❡✜♥❡s t❤❡ r❡q✉❡st❡❞ ❝❛♣❛❝✐t② ❢♦r r❡s♦✉r❝❡ ❦ ∈ ❘✳ ❚❤❡②
❛r❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡ ✐♥✐t✐❛❧ ❱▼ s✉❜♠✐ss✐♦♥ t♦ ♣❧❛❝❡ ❱▼s ♦♥ ▲❈s✳ ❖♥ t❤❡ ♦t❤❡r
❤❛♥❞✱ ✉s❡❞ ❝❛♣❛❝✐t② ✈❡❝t♦rs UCv := {UCv,k}1≤k≤d ❜❡❝♦♠❡ ❛✈❛✐❧❛❜❧❡ ❛s t❤❡
r❡s✉❧t ♦❢ ♠♦♥✐t♦r✐♥❣✳ ❊❛❝❤ ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✈❡❝t♦r r❡♣r❡s❡♥ts t❤❡ ❡st✐♠❛t❡❞
❱▼ ✉t✐❧✐③❛t✐♦♥ ❢♦r r❡s♦✉r❝❡ ❦ ♦✈❡r t❤❡ ❧❛st ♠❡❛s✉r❡♠❡♥t ♣❡r✐♦❞ T ✭❡✳❣✳ ♦♥❡
❞❛②✮✳
▲❈s ❛r❡ ❛ss✐❣♥❡❞ ✇✐t❤ ❛ ♣r❡❞❡✜♥❡❞ st❛t✐❝ ❤♦♠♦❣❡♥❡♦✉s ❝❛♣❛❝✐t② ✈❡❝t♦rCl :=
{Cl,k}1≤k≤d✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡✐r ❝✉rr❡♥t ✉t✐❧✐③❛t✐♦♥ cl ✐s ❝♦♠♣✉t❡❞ ❜② s✉♠♠✐♥❣
✉♣ t❤❡ ❱▼ ✉s❡❞ ❝❛♣❛❝✐t② ✈❡❝t♦rs✿ cl ✿❂
∑
∀v∈LCl
UCv✳
❲❡ ✐♥tr♦❞✉❝❡ Ml := {MIDl,k}1≤k≤d ❛s t❤❡ ▲❈ r❡s♦✉r❝❡ ❝❛♣♣✐♥❣ ✈❡❝t♦r
✇❤✐❝❤ ♣✉ts ❛♥ ✉♣♣❡r ❜♦✉♥❞ ♦♥ t❤❡ ♠❛①✐♠✉♠ ❛✐♠❡❞ ▲❈ ✉t✐❧✐③❛t✐♦♥ ❢♦r ❡❛❝❤
r❡s♦✉r❝❡ ❦ ✇✐t❤ 0 ≤ MIDl,k ≤ 1✳ ■♥ ♦t❤❡r ✇♦r❞s ✇❡ ❦❡❡♣ ❛ ❧✐♠✐t❡❞ ❛♠♦✉♥t ♦❢
❛✈❛✐❧❛❜❧❡ r❡s♦✉r❝❡s t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r ♦✈❡r♣r♦✈✐s✐♦♥✐♥❣✳ ❚❤✐s ✐s r❡q✉✐r❡❞ ✐♥ ♦r❞❡r
t♦ ♠✐t✐❣❛t❡ ♣❡r❢♦r♠❛♥❝❡ ♣r♦❜❧❡♠s ❞✉r✐♥❣ ♣❡r✐♦❞s ♦❢ ❤✐❣❤ r❡s♦✉r❝❡ ❝♦♥t❡♥t✐♦♥✳
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✼
LCl ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❤❛✈❡ ❡♥♦✉❣❤ ❝❛♣❛❝✐t② ❢♦r VMv ✐❢ ❡✐t❤❡r cl + RCv ≤
Cl ⋄Ml ❤♦❧❞s ❞✉r✐♥❣ s✉❜♠✐ss✐♦♥ ♦r cl +UCv ≤ Cl ⋄Ml ❞✉r✐♥❣ ❱▼ r❡❧♦❝❛t✐♦♥
♦r ❝♦♥s♦❧✐❞❛t✐♦♥✳ ⋄ ❞❡♥♦t❡s ❡❧❡♠❡♥t✇✐s❡ ✈❡❝t♦r ♠✉❧t✐♣❧✐❝❛t✐♦♥✳
■♥tr♦❞✉❝✐♥❣ r❡s♦✉r❝❡ ✉♣♣❡r ❜♦✉♥❞s ❧❡❛❞s t♦ s✐t✉❛t✐♦♥s ✇❤❡r❡ ❱▼s ❝❛♥ ♥♦t
❜❡ ❤♦st❡❞ ♦♥ ▲❈s ❞❡s♣✐t❡ ❡♥♦✉❣❤ r❡s♦✉r❝❡s ❜❡✐♥❣ ❛✈❛✐❧❛❜❧❡✳ ❋♦r ❡①❛♠♣❧❡ ✇❤❡♥
MIDl,CPU ❂ ✵✳✽ ❛♥❞ ♦♥❧② t✇♦ P❈❖❘❊❙ ❡①✐st✱ ❱▼ r❡q✉✐r✐♥❣ ❛❧❧ ♦❢ t❤❡♠ ❝❛♥
♥♦t ❜❡ ♣❧❛❝❡❞ ✭✐✳❡✳ ✷ ❱❈❖❘❊ ✴ ✷ P❈❖❘❊ ≤ 0.8 ❞♦❡s ♥♦t ❤♦❧❞✮✳
❚❤❡r❡❢♦r❡✱ ✇❡ ❞❡✜♥❡ t❤❡ ♥♦t✐♦♥ ♦❢ ♣❛❝❦✐♥❣ ❞❡♥s✐t② ✭P❉✮ ✇❤✐❝❤ ✐s ❛ ✈❡❝t♦r ♦❢
✈❛❧✉❡s ❜❡t✇❡❡♥ ✵ ❛♥❞ ✶ ❢♦r ❡❛❝❤ r❡s♦✉r❝❡ k✳ ■t ❝❛♥ ❜❡ s❡❡♥ ❛s t❤❡ tr✉st ❣✐✈❡♥
t♦ t❤❡ ✉s❡r✬s r❡q✉❡st❡❞ ❱▼ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts ❛♥❞ ❛❧❧♦✇s ❱▼s t♦ ❜❡ ❤♦st❡❞
♦♥ ▲❈s ❞❡s♣✐t❡ ❡①✐st✐♥❣ ▼■❉ ❝❛♣♣✐♥❣✬s✳ ❲❤❡♥ P❉ ✐s ❡♥❛❜❧❡❞✱ ❙♥♦♦③❡ ❝♦♠♣✉t❡s
t❤❡ r❡q✉❡st❡❞ ❱▼ r❡s♦✉r❝❡ r❡q✉✐r❡♠❡♥ts ❛s ❢♦❧❧♦✇s✿ RCv := RCv ⋄PD✳
■♥ ♦r❞❡r t♦ ❞❡t❡❝t ❛♥♦♠❛❧② s✐t✉❛t✐♦♥s ✇❡ ❞❡✜♥❡ ❛ 0 ≤ MINk ≤ 1 ❛♥❞ 0 ≤
MAXk ≤ 1 t❤r❡s❤♦❧❞ ❢♦r ❡❛❝❤ r❡s♦✉r❝❡ ❦✳ ■❢ t❤❡ ❡st✐♠❛t❡❞ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥
❢♦r k ❢❛❧❧s ❜❡❧♦✇ MINk t❤❡ ▲❈ ✐s ❝♦♥s✐❞❡r❡❞ ❛s ✉♥❞❡r❧♦❛❞❡❞✱ ♦t❤❡r✇✐s❡ ✐❢ ✐t ❣♦❡s
❛❜♦✈❡ MAXk ▲❈ ✐t ✐s ✢❛❣❣❡❞ ❛s ♦✈❡r❧♦❛❞❡❞ ✭s❡❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s✮✳
▲❈s ❛♥❞ ❱▼s ♥❡❡❞ t♦ ❜❡ s♦rt❡❞ ❜② ♠❛♥② s❝❤❡❞✉❧✐♥❣ ❛❧❣♦r✐t❤♠s✳ ❙♦rt✐♥❣
✈❡❝t♦rs r❡q✉✐r❡s t❤❡♠ t♦ ❜❡ ✜rst ♥♦r♠❛❧✐③❡❞ t♦ s❝❛❧❛r ✈❛❧✉❡s✳ ❉✐✛❡r❡♥t s♦rt
♥♦r♠s s✉❝❤ ❛s ▲✶✱ ❊✉❝❧✐❞ ♦r ▼❛① ❡①✐st✳ ■♥ t❤✐s ✇♦r❦ t❤❡ ▲✶ ♥♦r♠ ✐s ✉s❡❞✳
✸✳✹ ❘❡s♦✉r❝❡ ▼♦♥✐t♦r✐♥❣ ❛♥❞ ❆♥♦♠❛❧② ❉❡t❡❝t✐♦♥
▼♦♥✐t♦r✐♥❣ ✐s ♠❛♥❞❛t♦r② t♦ t❛❦❡ ♣r♦♣❡r s❝❤❡❞✉❧✐♥❣ ❞❡❝✐s✐♦♥s ❛♥❞ ✐s ♣❡r❢♦r♠❡❞ ❛t
❛❧❧ ❧❛②❡rs ♦❢ t❤❡ s②st❡♠✳ ❆t t❤❡ ♣❤②s✐❝❛❧ ❧❛②❡r ❱▼s ❛r❡ ♠♦♥✐t♦r❡❞ ❛♥❞ r❡s♦✉r❝❡
✉t✐❧✐③❛t✐♦♥ ✐♥❢♦r♠❛t✐♦♥ ✐s ♣❡r✐♦❞✐❝❛❧❧② tr❛♥s❢❡rr❡❞ t♦ t❤❡ ●▼ ❜② ❡❛❝❤ ▲❈✳ ■t
✐s ✉s❡❞ ❜② t❤❡ ●▼ ✐♥ t❤❡ ♣r♦❝❡ss ♦❢ ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ❡st✐♠❛t✐♦♥ ❛♥❞
s❝❤❡❞✉❧✐♥❣✳
❆t t❤❡ ❤✐❡r❛r❝❤✐❝❛❧ ❧❛②❡r✱ ❡❛❝❤ ●▼ ♣❡r✐♦❞✐❝❛❧❧② s❡♥❞s ❛❣❣r❡❣❛t❡❞ r❡s♦✉r❝❡
s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥ t♦ t❤❡ ●▲✳ ❚❤✐s ✐♥❢♦r♠❛t✐♦♥ ✐♥❝❧✉❞❡s t❤❡ ✉s❡❞ ❛♥❞ t♦t❛❧
❝❛♣❛❝✐t② ♦❢ t❤❡ ●▼ ✇✐t❤ t❤❡ ❢♦r♠❡r ❜❡✐♥❣ ❝♦♠♣✉t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❡st✐♠❛t❡❞ ❱▼
r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ♦❢ t❤❡ ▲❈s ❛♥❞ ✐s ✉s❡❞ t♦ ❣✉✐❞❡ ❱▼ ❞✐s♣❛t❝❤✐♥❣ ❞❡❝✐s✐♦♥s✳
❖✈❡r❧♦❛❞ ❛♥❞ ✉♥❞❡r❧♦❛❞ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ❧♦❝❛❧❧② ❜② ❡❛❝❤
▲❈ ❜❛s❡❞ ♦♥ ❛❣❣r❡❣❛t❡❞ ❱▼ ♠♦♥✐t♦r✐♥❣ ✈❛❧✉❡s✳ ❚❤✐s ❛❧❧♦✇s t❤❡ s②st❡♠ t♦
❛✈♦✐❞ ♠❛♥② ❢❛❧s❡✲♣♦s✐t✐✈❡ ❛♥♦♠❛❧② ❛❧❡rts✳ P❛rt✐❝✉❧❛r❧②✱ ❢♦r ❡❛❝❤ ❱▼ ❛ s②st❡♠
❛❞♠✐♥✐str❛t♦r ♣r❡❞❡✜♥❡❞ ❛♠♦✉♥t ♦❢ ♠♦♥✐t♦r✐♥❣ ❞❛t❛ ❡♥tr✐❡s ✐s ✜rst ❝♦❧❧❡❝t❡❞✳
❆❢t❡r t❤❡ ▲❈ ❤❛s r❡❝❡✐✈❡❞ ❛❧❧ ❱▼ ♠♦♥✐t♦r✐♥❣ ❞❛t❛ ❜❛t❝❤❡s✱ ✐t ♣❡r❢♦r♠s t❤❡ t♦t❛❧
▲❈ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ❡st✐♠❛t✐♦♥ ❜② ❛✈❡r❛❣✐♥❣ t❤❡ ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥s
❛♥❞ s✉♠♠✐♥❣ ✉♣ t❤❡ r❡s✉❧t✐♥❣ ✈❛❧✉❡s✳ ❋✐♥❛❧❧②✱ ❛ t❤r❡s❤♦❧❞ ❝r♦ss✐♥❣ ❞❡t❡❝t✐♦♥
✭❚❈❉✮ ✐s ❛♣♣❧✐❡❞ ♦♥ ❡❛❝❤ ❞✐♠❡♥s✐♦♥ ♦❢ t❤❡ ❡st✐♠❛t❡❞ ❤♦st r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥
✈❡❝t♦r ❜❛s❡❞ ♦♥ t❤❡ ❞❡✜♥❡❞ MINk ❛♥❞ MAXk t❤r❡s❤♦❧❞s t♦ ❞❡t❡❝t ❛♥♦♠❛❧②
s✐t✉❛t✐♦♥s✳ ▲❈s ❛r❡ ♠❛r❦❡❞ ❛s ♦✈❡r❧♦❛❞❡❞ ✭r❡s♣✳ ✉♥❞❡r❧♦❛❞❡❞✮ ✐♥ t❤❡ ❞❛t❛ s❡♥t
t♦ ●▼ ✐❢ ❛t ❧❡❛st ♦♥❡ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥s ❝r♦ss❡s t❤❡ t❤r❡s❤♦❧❞s✳
✸✳✺ ❘❡s♦✉r❝❡ ❯t✐❧✐③❛t✐♦♥ ❊st✐♠❛t✐♦♥s
❘❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ❡st✐♠❛t✐♦♥s ❛r❡ ❡ss❡♥t✐❛❧ ❢♦r ♠♦st ♦❢ t❤❡ s②st❡♠ ❝♦♠♣♦♥❡♥ts✳
❋♦r ❡①❛♠♣❧❡✱ t❤❡② ❛r❡ r❡q✉✐r❡❞ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❛♥♦♠❛❧② ❞❡t❡❝t✐♦♥ ❛♥❞ ❱▼
s❝❤❡❞✉❧✐♥❣ ✭✐✳❡✳ ♣❧❛❝❡♠❡♥t✱ r❡❧♦❝❛t✐♦♥✱ ❛♥❞ ❝♦♥s♦❧✐❞❛t✐♦♥✮✳
●▼ ♣❡r❢♦r♠s ▲❈ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ❡st✐♠❛t✐♦♥s ✐♥ ♦r❞❡r t♦ ❣❡♥❡r❛t❡ ✐ts
❛❣❣r❡❣❛t❡❞ r❡s♦✉r❝❡ s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥✳ ❚❈❉ ❞❡❝✐s✐♦♥s ❛r❡ ❜❛s❡❞ ♦♥ ❡s✲
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✽
t✐♠❛t❡❞ ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥s✳ ❋✐♥❛❧❧②✱ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❱▼ s❝❤❡❞✉❧✐♥❣✱
❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥s ❛r❡ ❡st✐♠❛t❡❞ ✐♥ ♦r❞❡r t♦✿ ✭✶✮ ❈♦♠♣✉t❡ t❤❡ t♦t❛❧ ▲❈
r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥❀ ✭✷✮ ❙♦rt ▲❈s ❛♥❞ ❱▼s✳
❙♥♦♦③❡ ♣r♦✈✐❞❡s ❛❜str❛❝t✐♦♥s ✇❤✐❝❤ ❛❧❧♦✇ t♦ ❡❛s✐❧② ♣❧✉❣ ✐♥ ❞✐✛❡r❡♥t ❡st✐♠❛✲
t♦rs ❢♦r ❡❛❝❤ r❡s♦✉r❝❡✳ ❋♦r ❡①❛♠♣❧❡ ❱▼ ❈P❯ ✉t✐❧✐③❛t✐♦♥ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❜②
s✐♠♣❧② ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ n ♠♦st r❡❝❡♥t ♠♦♥✐t♦r✐♥❣ ✈❛❧✉❡s✳ ❆❧t❡r✲
♥❛t✐✈❡❧②✱ ♠♦r❡ ❛❞✈❛♥❝❡❞ ♣r❡❞✐❝t✐♦♥ ❛❧❣♦r✐t❤♠s ✭❡✳❣✳ ❜❛s❡❞ ♦♥ ❆✉t♦r❡❣r❡ss✐✈❡✲
▼♦✈✐♥❣✲❆✈❡r❛❣❡ ✭❆❘▼❆✮✮ ❝❛♥ ❜❡ ✉s❡❞✳ ■♥ t❤✐s ✇♦r❦ t❤❡ ❢♦r♠❡r ❛♣♣r♦❛❝❤ ✐s
t❛❦❡♥✳
✸✳✻ ❊♥❡r❣②✲❆✇❛r❡ ❱▼ ❙❝❤❡❞✉❧✐♥❣
❙❝❤❡❞✉❧✐♥❣ ❞❡❝✐s✐♦♥s ❛r❡ t❛❦❡♥ ❛t t✇♦ ❧❡✈❡❧s✿ ●▲ ❛♥❞ ●▼✳
❆t t❤❡ ●▲ ❧❡✈❡❧✱ ❱▼ t♦ ●▼ ❞✐s♣❛t❝❤✐♥❣ ✐s ❞♦♥❡ ❜❛s❡❞ ♦♥ t❤❡ ●▼ r❡s♦✉r❝❡
s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ❱▼s ❝♦✉❧❞ ❜❡ ❞✐s♣❛t❝❤❡❞ ❛❝r♦ss t❤❡ ●▼s
✐♥ ❛ ❝❛♣❛❝✐t②✲❛✇❛r❡ r♦✉♥❞✲r♦❜✐♥ ♦r ✜rst✲✜t ❢❛s❤✐♦♥✳ ■♥ t❤✐s ✇♦r❦ r♦✉♥❞✲r♦❜✐♥
✐s ✉s❡❞✳ ❚❤❡r❡❜②✱ ●▲ ❢❛✈♦rs ●▼s ✇✐t❤ ❡♥♦✉❣❤ ❛❝t✐✈❡ ❝❛♣❛❝✐t② ❛♥❞ ❝♦♥s✐❞❡rs
♣❛ss✐✈❡ ❝❛♣❛❝✐t② ♦♥❧② ✇❤❡♥ ♥♦t ❡♥♦✉❣❤ ❛❝t✐✈❡ ♦♥❡ ✐s ❛✈❛✐❧❛❜❧❡✳
◆♦t❡ t❤❛t s✉♠♠❛r② ✐♥❢♦r♠❛t✐♦♥ ✐s ♥♦t s✉✣❝✐❡♥t t♦ t❛❦❡ ❡①❛❝t ❞✐s♣❛t❝❤✐♥❣
❞❡❝✐s✐♦♥s✳ ❋♦r ✐♥st❛♥❝❡✱ ✇❤❡♥ ❛ ❝❧✐❡♥t s✉❜♠✐ts ❛ ❱▼ r❡q✉❡st✐♥❣ ✷●❇ ♦❢ ♠❡♠♦r②
❛♥❞ ❛ ●▼ r❡♣♦rts ✹●❇ ❛✈❛✐❧❛❜❧❡ ✐t ❞♦❡s ♥♦t ♥❡❝❡ss❛r② ♠❡❛♥ t❤❛t t❤❡ ❱▼ ❝❛♥ ❜❡
✜♥❛❧❧② ♣❧❛❝❡❞ ♦♥ t❤✐s ●▼ ❛s ✐ts ❛✈❛✐❧❛❜❧❡ ♠❡♠♦r② ❝♦✉❧❞ ❜❡ ❞✐str✐❜✉t❡❞ ❛♠♦♥❣
♠✉❧t✐♣❧❡ ▲❈s ✭❡✳❣✳ ✹ ▲❈s ✇✐t❤ ❡❛❝❤ ✶●❇ ♦❢ ❘❆▼✮✳ ❈♦♥s❡q✉❡♥t❧②✱ ❛ ❧✐st ♦❢
❝❛♥❞✐❞❛t❡ ●▼s ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❞✐s♣❛t❝❤✐♥❣ ♣♦❧✐❝✐❡s✳ ❇❛s❡❞ ♦♥ t❤✐s ❧✐st✱ ❛
❧✐♥❡❛r s❡❛r❝❤ ✐s ♣❡r❢♦r♠❡❞ ❜② ✐ss✉✐♥❣ ❱▼ ♣❧❛❝❡♠❡♥t r❡q✉❡sts t♦ t❤❡ ●▼s✳
❆t t❤❡ ●▼ ❧❡✈❡❧✱ t❤❡ ❛❝t✉❛❧ ❱▼ s❝❤❡❞✉❧✐♥❣ ❞❡❝✐s✐♦♥s ❛r❡ t❛❦❡♥✳ ❚❤❡r❡❢♦r❡✱
❢♦✉r t②♣❡s ♦❢ s❝❤❡❞✉❧✐♥❣ ♣♦❧✐❝✐❡s ❡①✐st✿ ♣❧❛❝❡♠❡♥t✱ ♦✈❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥✱ ✉♥❞❡r❧♦❛❞
r❡❧♦❝❛t✐♦♥✱ ❛♥❞ ✜♥❛❧❧② ❝♦♥s♦❧✐❞❛t✐♦♥✳ P❧❛❝❡♠❡♥t ♣♦❧✐❝✐❡s ✭❡✳❣✳ r♦✉♥❞✲r♦❜✐♥ ♦r
✜rst✲✜t✮ ❛r❡ tr✐❣❣❡r❡❞ ❡✈❡♥t✲❜❛s❡❞ t♦ ♣❧❛❝❡ ✐♥❝♦♠✐♥❣ ❱▼s ♦♥ ▲❈s✳ ❙✐♠✐❧❛r❧②✱
r❡❧♦❝❛t✐♦♥ ♣♦❧✐❝✐❡s ❛r❡ ❝❛❧❧❡❞ ✇❤❡♥ ♦✈❡r❧♦❛❞ ✭r❡s♣✳ ✉♥❞❡r❧♦❛❞✮ ❡✈❡♥ts ❛rr✐✈❡ ❢r♦♠
▲❈s ❛♥❞ ❛✐♠s ❛t ♠♦✈✐♥❣ ❱▼s ❛✇❛② ❢r♦♠ ❤❡❛✈✐❧② ✭r❡s♣✳ ❧✐❣❤t❧② ❧♦❛❞❡❞✮ ♥♦❞❡s✳
❋♦r ❡①❛♠♣❧❡✱ ✐♥ ❝❛s❡ ♦❢ ♦✈❡r❧♦❛❞ s✐t✉❛t✐♦♥ ❱▼s ♠✉st ❜❡ r❡❧♦❝❛t❡❞ t♦ ❛ ♠♦r❡
❧✐❣❤t❧② ❧♦❛❞❡❞ ♥♦❞❡ ✐♥ ♦r❞❡r t♦ ♠✐t✐❣❛t❡ ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥✳ ❈♦♥tr❛r②✱
✐♥ ❝❛s❡ ♦❢ ✉♥❞❡r❧♦❛❞✱ ❢♦r ❡♥❡r❣② s❛✈✐♥❣ r❡❛s♦♥s ✐t ✐s ❜❡♥❡✜❝✐❛❧ t♦ ♠♦✈❡ ❱▼s
t♦ ♠♦❞❡r❛t❡❧② ❧♦❛❞❡❞ ▲❈s ✐♥ ♦r❞❡r t♦ ❝r❡❛t❡ ❡♥♦✉❣❤ ✐❞❧❡✲t✐♠❡ t♦ tr❛♥s✐t✐♦♥ t❤❡
✉♥❞❡r✉t✐❧✐③❡❞ ▲❈s ✐♥t♦ ❛ ❧♦✇❡r ♣♦✇❡r st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮✳
❈♦♠♣❧❡♠❡♥t❛r② t♦ t❤❡ ❡✈❡♥t✲❜❛s❡❞ ♣❧❛❝❡♠❡♥t ❛♥❞ r❡❧♦❝❛t✐♦♥ ♣♦❧✐❝✐❡s✱ ❝♦♥✲
s♦❧✐❞❛t✐♦♥ ♣♦❧✐❝✐❡s ❝❛♥ ❜❡ s♣❡❝✐✜❡❞ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❝❛❧❧❡❞ ♣❡r✐♦❞✐❝❛❧❧② ❛❝❝♦r❞✐♥❣ t♦
t❤❡ s②st❡♠ ❛❞♠✐♥✐str❛t♦r s♣❡❝✐✜❡❞ ✐♥t❡r✈❛❧ t♦ ❢✉rt❤❡r ♦♣t✐♠✐③❡ t❤❡ ❱▼ ♣❧❛❝❡✲
♠❡♥t ♦❢ ♠♦❞❡r❛t❡❧② ❧♦❛❞❡❞ ♥♦❞❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ ❱▼ ❝♦♥s♦❧✐❞❛t✐♦♥ ♣♦❧✐❝② ❝❛♥
❜❡ ❡♥❛❜❧❡❞ t♦ ✇❡❡❦❧② ♦♣t✐♠✐③❡ t❤❡ ❱▼ ♣❧❛❝❡♠❡♥t ❜② ♣❛❝❦✐♥❣ ❱▼s ♦♥ ❛s ❢❡✇
♥♦❞❡s ❛s ♣♦ss✐❜❧❡✳
✸✳✼ ❱▼ ❘❡❧♦❝❛t✐♦♥
❚❤❡ ❙♥♦♦③❡ ❱▼ ♦✈❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥ ♣♦❧✐❝② ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✶✳ ■t t❛❦❡s
❛s ✐♥♣✉t t❤❡ ♦✈❡r❧♦❛❞❡❞ ▲❈ ❛❧♦♥❣ ✇✐t❤ ✐ts ❛ss♦❝✐❛t❡❞ ❱▼s ❛♥❞ ❛ ❧✐st ♦❢ ▲❈s
♠❛♥❛❣❡❞ ❜② t❤❡ ●▼✳ ❚❤❡ ❛❧❣♦r✐t❤♠ ♦✉t♣✉ts ❛ ▼✐❣r❛t✐♦♥ P❧❛♥ ✭▼P✮ ✇❤✐❝❤
s♣❡❝✐✜❡s t❤❡ ♥❡✇ ❱▼ ❧♦❝❛t✐♦♥s✳
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✾
❚❤❡ ♦✈❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥ ♣♦❧✐❝② ✜rst ❡st✐♠❛t❡s t❤❡ ▲❈ ✉t✐❧✐③❛t✐♦♥✱ ❝♦♠♣✉t❡s
t❤❡ ♠❛①✐♠✉♠ ❛❧❧♦✇❡❞ ▲❈ ✉t✐❧✐③❛t✐♦♥✱ ❛♥❞ t❤❡ ♦✈❡r❧♦❛❞❡❞ ❝❛♣❛❝✐t② ❞❡❧t❛ ✭✐✳❡✳
❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❡st✐♠❛t❡❞ ❛♥❞ ♠❛①✐♠✉♠ ❛❧❧♦✇❡❞ ▲❈ ✉t✐❧✐③❛t✐♦♥✮✳ ❆❢t❡r✇❛r❞s
✐t ❣❡ts t❤❡ ❱▼s ❛ss✐❣♥❡❞ t♦ t❤❡ ♦✈❡r❧♦❛❞❡❞ ▲❈✱ s♦rts t❤❡♠ ✐♥ ✐♥❝r❡❛s✐♥❣ ♦r❞❡r
❜❛s❡❞ ♦♥ ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t❡s ❛ ❧✐st ♦❢ ❝❛♥❞✐❞❛t❡ ❱▼s t♦ ❜❡
♠✐❣r❛t❡❞✳ ❚❤❡ r♦✉t✐♥❡ t♦ ❝♦♠♣✉t❡ t❤❡ ♠✐❣r❛t✐♦♥ ❝❛♥❞✐❞❛t❡s ✜rst ❛tt❡♠♣ts t♦
✜♥❞ t❤❡ ♠♦st ❧♦❛❞❡❞ ❱▼ ❛♠♦♥❣ t❤❡ ❛ss✐❣♥❡❞ ♦♥❡s ✇❤♦s❡ ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥
❡q✉❛❧s ♦r ✐s ❛❜♦✈❡ t❤❡ ♦✈❡r❧♦❛❞❡❞ ❝❛♣❛❝✐t② ❞❡❧t❛✳ ❚❤✐s ✇❛② ❛ s✐♥❣❧❡ ♠✐❣r❛t✐♦♥
✇✐❧❧ s✉✣❝❡ t♦ ♠♦✈❡ t❤❡ ▲❈ ♦✉t ♦❢ ♦✈❡r❧♦❛❞ st❛t❡✳ ❖t❤❡r✇✐s❡✱ ✐❢ ♥♦ s✉❝❤ ❱▼
❡①✐sts✱ ✐t st❛rts ❛❞❞✐♥❣ ❱▼s t♦ t❤❡ ❧✐st ♦❢ ♠✐❣r❛t✐♦♥ ❝❛♥❞✐❞❛t❡s st❛rt✐♥❣ ❢r♦♠
t❤❡ ❧❡❛st ❧♦❛❞❡❞ ♦♥❡ ✉♥t✐❧ t❤❡ s✉♠ ♦❢ t❤❡ ❡st✐♠❛t❡❞ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥s ❡q✉❛❧s
♦r ✐s ❛❜♦✈❡ t❤❡ ♦✈❡r❧♦❛❞ ❝❛♣❛❝✐t② ❞❡❧t❛✳ ❋✐♥❛❧❧② t❤❡ ❞❡st✐♥❛t✐♦♥ ▲❈s ❛r❡ s♦rt❡❞
✐♥ ✐♥❝r❡❛s✐♥❣ ♦r❞❡r ❜❛s❡❞ ♦♥ ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥ ❛♥❞ ♠✐❣r❛t✐♦♥ ❝❛♥❞✐❞❛t❡s ❛r❡
❛ss✐❣♥❡❞ t♦ t❤❡♠ st❛rt✐♥❣ ❢r♦♠ t❤❡ ✜rst ♦♥❡ ✐❢ ❡♥♦✉❣❤ ❝❛♣❛❝✐t② ✐s ❛✈❛✐❧❛❜❧❡✳
▼♦r❡♦✈❡r✱ t❤❡ ♥❡✇ ❱▼ t♦ ▲❈ ♠❛♣♣✐♥❣s ❛r❡ ❛❞❞❡❞ t♦ t❤❡ ▼P✳
❆❧❣♦r✐t❤♠ ✶ ❱▼ ❖✈❡r❧♦❛❞ ❘❡❧♦❝❛t✐♦♥
✶✿ ■♥♣✉t✿ ❖✈❡r❧♦❛❞❡❞ LC ✇✐t❤ t❤❡ ❛ss♦❝✐❛t❡❞ ❱▼s ❛♥❞ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ✈❡❝t♦rs UC✱ ❧✐st ♦❢
❞❡st✐♥❛t✐♦♥ LCs
✷✿ ❖✉t♣✉t✿ ▼✐❣r❛t✐♦♥ P❧❛♥ MP
✸✿ c ← ❊st✐♠❛t❡ ▲❈ ✉t✐❧✐③❛t✐♦♥
✹✿ m ← ❈♦♠♣✉t❡ ♠❛① ❛❧❧♦✇❡❞ ▲❈ ✉t✐❧✐③❛t✐♦♥
✺✿ o ← ❈♦♠♣✉t❡ t❤❡ ❛♠♦✉♥t ♦❢ ♦✈❡r❧♦❛❞❡❞ ❝❛♣❛❝✐t② ✭c✱ m✮
✻✿ VMssource ← ●❡t ❱▼s ❢r♦♠ ▲❈
✼✿ ❙♦rt VMsource ✐♥ ✐♥❝r❡❛s✐♥❣ ♦r❞❡r
✽✿ VMcandidates ← ❝♦♠♣✉t❡▼✐❣r❛t✐♦♥❈❛♥❞✐❞❛t❡s✭VMssource✱ o✮
✾✿ ❙♦rt ❞❡st✐♥❛t✐♦♥ ▲❈s ✐♥ ✐♥❝r❡❛s✐♥❣ ♦r❞❡r
✶✵✿ ❢♦r ❛❧❧ v ∈ VMcandidates ❞♦
✶✶✿ LCfit ← ❋✐♥❞ ▲❈ ✇✐t❤ ❡♥♦✉❣❤ ❝❛♣❛❝✐t② t♦ ❤♦st ✈ ✭✈✱ ▲❈s✮
✶✷✿ ✐❢ LCfit ❂ ∅ t❤❡♥
✶✸✿ ❝♦♥t✐♥✉❡❀
✶✹✿ ❡♥❞ ✐❢
✶✺✿ ❆❞❞ ✭✈✱ LCfit✮ ♠❛♣♣✐♥❣ t♦ t❤❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥
✶✻✿ ❡♥❞ ❢♦r
✶✼✿ r❡t✉r♥ ▼✐❣r❛t✐♦♥ ♣❧❛♥ MP
❚❤❡ ✉♥❞❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥ ♣♦❧✐❝② ✐s ❞❡♣✐❝t❡❞ ✐♥ ❆❧❣♦r✐t❤♠ ✷✳ ■t t❛❦❡s ❛s ✐♥♣✉t
t❤❡ ✉♥❞❡r❧♦❛❞❡❞ ▲❈ ❛♥❞ ✐ts ❛ss♦❝✐❛t❡❞ ❱▼s ❛❧♦♥❣ ✇✐t❤ t❤❡ ❧✐st ♦❢ ▲❈s ♠❛♥❛❣❡❞
❜② t❤❡ ●▼✳ ■t ✜rst r❡tr✐❡✈❡s t❤❡ ❱▼s ❢r♦♠ t❤❡ ✉♥❞❡r❧♦❛❞❡❞ ▲❈ ❛♥❞ s♦rts t❤❡♠
✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r ❜❛s❡❞ ♦♥ t❤❡ ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥✳ ❙✐♠✐❧❛r❧②✱ ▲❈s ❛r❡ s♦rt❡❞
✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r ❜❛s❡❞ ♦♥ t❤❡ ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥✳ ❚❤❡♥✱ ❱▼s ❛r❡ ❛ss✐❣♥❡❞
t♦ ▲❈s ✇✐t❤ ❡♥♦✉❣❤ s♣❛r❡ ❝❛♣❛❝✐t② ❛♥❞ ❛❞❞❡❞ t♦ t❤❡ ▼P✳ ❚❤❡ ❛❧❣♦r✐t❤♠s ❢♦❧❧♦✇s
❛♥ ❛❧❧✲♦r✲♥♦t❤✐♥❣ ❛♣♣r♦❛❝❤ ✐♥ ✇❤✐❝❤ ❡✐t❤❡r ❛❧❧ ♦r ♥♦♥❡ ♦❢ t❤❡ ❱▼s ❛r❡ ♠✐❣r❛t❡❞✳
▼✐❣r❛t✐♥❣ ❛ s✉❜s❡t ♦❢ ❱▼s ❞♦❡s ♥♦t ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ❡♥❡r❣② s❛✈✐♥❣ ♦❜❥❡❝t✐✈❡ ✭✐✳❡✳
❝r❡❛t❡ ✐❞❧❡ t✐♠❡s✮ ❛♥❞ t❤✉s ✐s ❛✈♦✐❞❡❞✳ ■♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❛ ♣✐♥❣✲♣♦♥❣ ❡✛❡❝t ✐♥
✇❤✐❝❤ ❱▼s ❛r❡ ♠✐❣r❛t❡❞ ❜❛❝❦ ❛♥❞ ❢♦rt❤ ❜❡t✇❡❡♥ ▲❈s✱ ▲❈s ❛r❡ tr❛♥s✐t✐♦♥❡❞ ✐♥t♦
❛ ❧♦✇❡r ♣♦✇❡r st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮ ♦♥❝❡ ❛❧❧ ❱▼s ❤❛✈❡ ❜❡❡♥ ♠✐❣r❛t❡❞ t❤✉s t❤❡②
❝❛♥ ♥♦t ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❞❡st✐♥❛t✐♦♥ ▲❈s ❞✉r✐♥❣ s✉❜s❡q✉❡♥t ✉♥❞❡r❧♦❛❞ ❡✈❡♥ts✳
✸✳✽ ❱▼ ❈♦♥s♦❧✐❞❛t✐♦♥
❱▼ ❝♦♥s♦❧✐❞❛t✐♦♥ ✐s ❛ ✈❛r✐❛♥t ♦❢ t❤❡ ♠✉❧t✐✲❞✐♠❡♥s✐♦♥❛❧ ❜✐♥✲♣❛❝❦✐♥❣ ♣r♦❜❧❡♠
✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ ❜❡ ◆P✲❤❛r❞✳ ❖✉r s②st❡♠ ✐s ♥♦t ❧✐♠✐t❡❞ t♦ ❛♥② ♣❛rt✐❝✉❧❛r ❝♦♥✲
s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ◆P✲❤❛r❞ ♥❛t✉r❡ ♦❢ t❤❡ ♣r♦❜❧❡♠
❛♥❞ t❤❡ ♥❡❡❞ t♦ ❝♦♠♣✉t❡ s♦❧✉t✐♦♥s ✐♥ ❛ r❡❛s♦♥❛❜❧❡ ❛♠♦✉♥t ♦❢ t✐♠❡ ✐t ❝✉rr❡♥t❧②
✐♠♣❧❡♠❡♥ts ❛ s✐♠♣❧❡ ②❡t ❡✣❝✐❡♥t t✇♦✲♦❜❥❡❝t✐✈❡ ✭✐✳❡✳ ♠✐♥✐♠✐③❡s t❤❡ ♥✉♠❜❡r ♦❢
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✵
❆❧❣♦r✐t❤♠ ✷ ❱▼ ❯♥❞❡r❧♦❛❞ ❘❡❧♦❝❛t✐♦♥
✶✿ ■♥♣✉t✿ ❯♥❞❡r❧♦❛❞❡❞ LC ✇✐t❤ t❤❡ ❛ss♦❝✐❛t❡❞ ❱▼s ❛♥❞ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ✈❡❝t♦rs UC✱ ❧✐st ♦❢
❞❡st✐♥❛t✐♦♥ LCs
✷✿ ❖✉t♣✉t✿ ▼✐❣r❛t✐♦♥ P❧❛♥ MP
✸✿ VMcandidates ← ●❡t ❱▼s ❢r♦♠ ✉♥❞❡r❧♦❛❞❡❞ ▲❈
✹✿ ❙♦rt VMcandidates ✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r
✺✿ ❙♦rt LCs ✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r
✻✿ ❢♦r ❛❧❧ v ∈ VMcandidates ❞♦
✼✿ LCfit ← ❋✐♥❞ ▲❈ ✇✐t❤ ❡♥♦✉❣❤ ❝❛♣❛❝✐t② t♦ ❤♦st ✈
✽✿ ✐❢ LCfit ❂ ∅ t❤❡♥
✾✿ ❈❧❡❛r ♠✐❣r❛t✐♦♥ ♣❧❛♥
✶✵✿ ❜r❡❛❦❀
✶✶✿ ❡♥❞ ✐❢
✶✷✿ ❆❞❞ ✭✈✱ LCfit✮ ♠❛♣♣✐♥❣ t♦ t❤❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥
✶✸✿ ❡♥❞ ❢♦r
✶✹✿ r❡t✉r♥ ▼✐❣r❛t✐♦♥ ♣❧❛♥ MP
▲❈s ❛♥❞ ♠✐❣r❛t✐♦♥s✮ ♣♦❧②♥♦♠✐❛❧ t✐♠❡ ❣r❡❡❞② ❝♦♥s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠✳ P❛rt✐❝✉✲
❧❛r❧②✱ ❛ ♠♦❞✐✜❡❞ ✈❡rs✐♦♥ ♦❢ t❤❡ ❙❡r❝♦♥ ❬✼❪ ❛❧❣♦r✐t❤♠ ✐s ✐♥t❡❣r❛t❡❞ ✇❤✐❝❤ ❞✐✛❡rs ✐♥
✐ts t❡r♠✐♥❛t✐♦♥ ❝r✐t❡r✐❛ ❛♥❞ t❤❡ ♥✉♠❜❡r ♦❢ ❱▼s ✇❤✐❝❤ ❛r❡ r❡♠♦✈❡❞ ✐♥ ❝❛s❡ ♥♦t
❛❧❧ ❱▼s ❝♦✉❧❞ ❜❡ ♠✐❣r❛t❡❞ ❢r♦♠ ❛ ▲❈✳ ❙❡r❝♦♥ ❢♦❧❧♦✇s ❛♥ ❛❧❧✲♦r✲♥♦t❤✐♥❣ ❛♣♣r♦❛❝❤
❛♥❞ ❛tt❡♠♣ts t♦ ♠♦✈❡ ❱▼s ❢r♦♠ t❤❡ ❧❡❛st ❧♦❛❞❡❞ ▲❈ t♦ ❛ ♥♦♥✲❡♠♣t② ▲❈ ✇✐t❤
❡♥♦✉❣❤ s♣❛r❡ ❝❛♣❛❝✐t②✳ ❊✐t❤❡r ❛❧❧ ❱▼s ❝❛♥ ❜❡ ♠✐❣r❛t❡❞ ❢r♦♠ ❛ ❤♦st ♦r ♥♦♥❡ ♦❢
t❤❡♠ ✇✐❧❧ ❜❡✳ ▼✐❣r❛t✐♥❣ ♦♥❧② ❛ s✉❜s❡t ♦❢ ❱▼s ❞♦❡s ♥♦t ②✐❡❧❞ t♦ ❧❡ss ♥✉♠❜❡r ♦❢
▲❈s ❛♥❞ t❤✉s ✐s ❛✈♦✐❞❡❞✳
❚❤❡ ♣s❡✉❞♦❝♦❞❡ ♦❢ t❤❡ ♠♦❞✐✜❡❞ ❛❧❣♦r✐t❤♠ ✐s s❤♦✇♥ ✐♥ ❆❧❣♦r✐t❤♠ ✸✳ ■t
t❛❦❡s ❛s ✐♥♣✉t t❤❡ ▲❈s ✐♥❝❧✉❞✐♥❣ t❤❡✐r ❛ss♦❝✐❛t❡❞ ❱▼s✳ ▲❈s ❛r❡ ✜rst s♦rt❡❞ ✐♥
❞❡❝r❡❛s✐♥❣ ♦r❞❡r ❜❛s❡❞ ♦♥ t❤❡✐r ❡st✐♠❛t❡❞ ✉t✐❧✐③❛t✐♦♥✳ ❆❢t❡r✇❛r❞s✱ ❱▼s ❢r♦♠ t❤❡
❧❡❛st ❧♦❛❞❡❞ ▲❈ ❛r❡ s♦rt❡❞ ✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r✱ ♣❧❛❝❡❞ ♦♥ t❤❡ ▲❈s st❛rt✐♥❣ ❢r♦♠
t❤❡ ♠♦st ❧♦❛❞❡❞ ♦♥❡ ❛♥❞ ❛❞❞❡❞ t♦ t❤❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥✳ ■❢ ❛❧❧ ❱▼s ❝♦✉❧❞ ❜❡ ♣❧❛❝❡❞
t❤❡ ❛❧❣♦r✐t❤♠ ✐♥❝r❡♠❡♥ts t❤❡ ♥✉♠❜❡r ♦❢ r❡❧❡❛s❡❞ ♥♦❞❡s ❛♥❞ ❝♦♥t✐♥✉❡s ✇✐t❤ t❤❡
♥❡①t ▲❈✳ ❖t❤❡r✇✐s❡✱ ❛❧❧ ♣❧❛❝❡❞ ❱▼s ❛r❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ▲❈ ❛♥❞ ▼P ❛♥❞ t❤❡
♣r♦❝❡❞✉r❡ ✐s r❡♣❡❛t❡❞ ✇✐t❤ t❤❡ ♥❡①t ❧♦❛❞❡❞ ▲❈✳ ❚❤❡ ❛❧❣♦r✐t❤♠ t❡r♠✐♥❛t❡s ✇❤❡♥
✐t ❤❛s r❡❛❝❤❡❞ t❤❡ ♠♦st ❧♦❛❞❡❞ ▲❈ ❛♥❞ ♦✉t♣✉ts t❤❡ ▼P✱ ♥✉♠❜❡r ♦❢ ✉s❡❞ ♥♦❞❡s✱
❛♥❞ ♥✉♠❜❡r ♦❢ r❡❧❡❛s❡❞ ♥♦❞❡s✳
✸✳✾ ▼✐❣r❛t✐♦♥ P❧❛♥ ❊♥❢♦r❝❡♠❡♥t
❱▼ r❡❧♦❝❛t✐♦♥ ❛♥❞ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠s ♦✉t♣✉t ❛ ♠✐❣r❛t✐♦♥ ♣❧❛♥ ✭▼P✮
✇❤✐❝❤ s♣❡❝✐✜❡s ♥❡✇ ♠❛♣♣✐♥❣ ♦❢ ❱▼s t♦ ▲❈s r❡q✉✐r❡❞ t♦ tr❛♥s✐t✐♦♥ t❤❡ s②s✲
t❡♠ ❢r♦♠ ✐ts ❝✉rr❡♥t st❛t❡ t♦ t❤❡ ♥❡✇ ♦♣t✐♠✐③❡❞ ♦♥❡✳ ▼✐❣r❛t✐♦♥ ♣❧❛♥ ✐s ❡♥❢♦r❝❡❞
♦♥❧② ✐❢ ✐t ②✐❡❧❞s t♦ ❧❡ss ▲❈s✳ ❊♥❢♦r❝✐♥❣ t❤❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥ ❝♦♠♣✉t❡❞ ❜② t❤❡
r❡❧♦❝❛t✐♦♥ ❛♥❞ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠s ♦❢ ♦✉r ❢r❛♠❡✇♦r❦ ✐s str❛✐❣❤t❢♦r✇❛r❞ ❛s
✐t ♦♥❧② ✐♥✈♦❧✈❡s ♠♦✈✐♥❣ ❱▼s ❢r♦♠ t❤❡✐r ❝✉rr❡♥t ❧♦❝❛t✐♦♥ t♦ t❤❡ ❣✐✈❡♥ ♦♥❡✳ ◆♦t❡
t❤❛t✱ ✉♥❧✐❦❡ ♦t❤❡r ✇♦r❦s ✭❡✳❣✳ ❬✾❪✮ ♦✉r ❛❧❣♦r✐t❤♠s ❞♦ ♥♦t ✐♥tr♦❞✉❝❡ ❛♥② s❡q✉❡♥✲
t✐❛❧ ❞❡♣❡♥❞❡♥❝✐❡s ♦r ❝②❝❧❡s✳ P❛rt✐❝✉❧❛r❧②✱ ❱▼s ❛r❡ ♠✐❣r❛t❡❞ t♦ ❛♥ ▲❈ ✐❢ ❛♥❞ ♦♥❧②
✐❢ ❡♥♦✉❣❤ ❝❛♣❛❝✐t② ✐s ❛✈❛✐❧❛❜❧❡ ♦♥ ✐t ✇✐t❤♦✉t r❡q✉✐r✐♥❣ ♦t❤❡r ❱▼s t♦ ❜❡ ♠♦✈❡❞
❛✇❛② ✜rst✳
▼✐❣r❛t✐♦♥s ❝❛♥ ❤❛♣♣❡♥ ❡✐t❤❡r s❡q✉❡♥t✐❛❧❧② ♦r ✐♥ ♣❛r❛❧❧❡❧✳ ■♥ t❤❡ ❢♦r♠❡r ❝❛s❡
♦♥❧② ♦♥❡ ❱▼ ✐s ♠♦✈❡❞ ❢r♦♠ t❤❡ s♦✉r❝❡ t♦ t❤❡ ❞❡st✐♥❛t✐♦♥ ▲❈ ❛t ❛ t✐♠❡✱ ✇❤✐❧❡
t❤❡ ❧❛tt❡r ❛❧❧♦✇s ♠✉❧t✐♣❧❡ ❱▼s t♦ ❜❡ ♠✐❣r❛t❡❞ ❝♦♥❝✉rr❡♥t❧②✳ ●✐✈❡♥ t❤❛t ♠♦❞❡r♥
❤②♣❡r✈✐s♦rs ✭❡✳❣✳ ❑❱▼✮ s✉♣♣♦rt ♣❛r❛❧❧❡❧ ♠✐❣r❛t✐♦♥s t❤❡r❡ ✐s ♥♦ r❡❛s♦♥ ♥♦t t♦
❞♦ s♦ ❣✐✈❡♥ t❤❛t ❡♥♦✉❣❤ ♥❡t✇♦r❦ ❝❛♣❛❝✐t② ✐s ❛✈❛✐❧❛❜❧❡✳ ❚❤✐s ✐s ❡①❛❝t❧② ✇❤❛t ♦✉r
s②st❡♠ ❞♦❡s✳
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✶
❆❧❣♦r✐t❤♠ ✸ ❱▼ ❈♦♥s♦❧✐❞❛t✐♦♥
✶✿ ■♥♣✉t✿ ▲✐st ♦❢ LCs ✇✐t❤ t❤❡✐r ❛ss♦❝✐❛t❡❞ ❱▼s ❛♥❞ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ✈❡❝t♦rs UC
✷✿ ❖✉t♣✉t✿ ▼✐❣r❛t✐♦♥ P❧❛♥ MP ✱ ♥❯s❡❞◆♦❞❡s✱ ♥❘❡❧❡❛s❡❞◆♦❞❡s
✸✿ ▼P ← ∅
✹✿ ♥❯s❡❞◆♦❞❡s ← ✵
✺✿ ♥❘❡❧❡❛s❡❞◆♦❞❡s ← ✵
✻✿ ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ← |LCs| − 1
✼✿ ✇❤✐❧❡ tr✉❡ ❞♦
✽✿ ✐❢ ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ❂ ✵ t❤❡♥
✾✿ ❜r❡❛❦❀
✶✵✿ ❡♥❞ ✐❢
✶✶✿ ❙♦rt ▲❈s ✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r
✶✷✿ LCleast ← ●❡t t❤❡ ❧❡❛st ❧♦❛❞❡❞ ▲❈ ✭❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡①✮
✶✸✿ VMsleast ← ●❡t ❱▼s ❢r♦♠ LCleast
✶✹✿ ✐❢ VMsleast ❂ ∅ t❤❡♥
✶✺✿ ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ← ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ✲ ✶
✶✻✿ ❝♦♥t✐♥✉❡❀
✶✼✿ ❡♥❞ ✐❢
✶✽✿ ❙♦rt VMsleast ✐♥ ❞❡❝r❡❛s✐♥❣ ♦r❞❡r
✶✾✿ ♥P❧❛❝❡❞❱▼s ← 0
✷✵✿ ❢♦r ❛❧❧ v ∈ VMsleast ❞♦
✷✶✿ ❋✐♥❞ s✉✐t❛❜❧❡ ▲❈ t♦ ❤♦st v
✷✷✿ ✐❢ ▲❈ ❂ ∅ t❤❡♥
✷✸✿ ❝♦♥t✐♥✉❡❀
✷✹✿ ❡♥❞ ✐❢
✷✺✿ LCleast ← LCleast ∪ {v}
✷✻✿ ▼P ← ▼P ∪{v}
✷✼✿ ♥P❧❛❝❡❞❱▼s ← ♥P❧❛❝❡❞❱▼s ✰ ✶
✷✽✿ ❡♥❞ ❢♦r
✷✾✿ ✐❢ ♥P❧❛❝❡❞❱▼s ❂ |VMsleast| t❤❡♥
✸✵✿ ♥❘❡❧❡❛s❡❞◆♦❞❡s ← ♥❘❡❧❡❛s❡❞◆♦❞❡s ✰ ✶
✸✶✿ ❡❧s❡
✸✷✿ LCleast ← LCleast \ VMsleast
✸✸✿ ▼P ← ▼P \VMsleast
✸✹✿ ❡♥❞ ✐❢
✸✺✿ ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ← ❧❡❛st▲♦❛❞❡❞❈♦♥tr♦❧❧❡r■♥❞❡① ✲ ✶
✸✻✿ ❡♥❞ ✇❤✐❧❡
✸✼✿ ♥❯s❡❞◆♦❞❡s ← |LCs| ✲ ♥❘❡❧❡❛s❡❞◆♦❞❡s
✸✽✿ r❡t✉r♥ ▼✐❣r❛t✐♦♥ ♣❧❛♥ MP ✱ ♥❯s❡❞◆♦❞❡s✱ ♥❘❡❧❡❛s❡❞◆♦❞❡s
❙t✐❧❧✱ t❤❡r❡ ❡①✐sts ❛ ❝❛✈❡❛t ❤❡r❡ r❡❧❛t❡❞ t♦ t❤❡ ♣r❡✲❝♦♣② ❧✐✈❡ ♠✐❣r❛t✐♦♥ t❡r♠✐♥❛✲
t✐♦♥ ❝r✐t❡r✐❛ ♦❢ t❤❡ ✉♥❞❡r❧②✐♥❣ ❤②♣❡r✈✐s♦r✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ ❑❱▼ ❧✐✈❡ ♠✐❣r❛t✐♦♥
❝❛♥ ❧❛st ❢♦r❡✈❡r ✭✐✳❡✳ ♠❛❦❡ ♥♦ ♣r♦❣r❡ss✮ ✐❢ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛❣❡s t❤❛t ❣♦t ❞✐rt②
✐s ❧❛r❣❡r t❤❛♥ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛❣❡s t❤❛t ❣♦t tr❛♥s❢❡rr❡❞ t♦ t❤❡ ❞❡st✐♥❛t✐♦♥ ▲❈
❞✉r✐♥❣ t❤❡ ❧❛st tr❛♥s❢❡r ♣❡r✐♦❞✳
■♥ ♦r❞❡r t♦ ❞❡t❡❝t ❛♥❞ r❡s♦❧✈❡ s✉❝❤ s✐t✉❛t✐♦♥s ❙♥♦♦③❡ s♣❛✇♥s ❛ ✇❛t❝❤❞♦❣ ❢♦r
❡❛❝❤ ♠✐❣r❛t✐♦♥✳ ❲❛t❝❤❞♦❣ ❡♥❢♦r❝❡s ❝♦♥✈❡r❣❡♥❝❡ ❛❢t❡r ❛ s②st❡♠ ❛❞♠✐♥✐str❛t♦r
♣r❡❞❡✜♥❡❞ ❝♦♥✈❡r❣❡♥❝❡ t✐♠❡♦✉t ❣✐✈❡♥ t❤❡ ♠✐❣r❛t✐♦♥ ✐s st✐❧❧ ♣❡♥❞✐♥❣✳ ❚❤❡r❡❢♦r❡
✐t s✉s♣❡♥❞s t❤❡ ❱▼ t❤✉s ♣r❡✈❡♥t✐♥❣ ❢✉rt❤❡r ♣❛❣❡ ♠♦❞✐✜❝❛t✐♦♥s✳ ❚❤❡ ❤②♣❡r✈✐s♦r
✐s t❤❡♥ ❛❜❧❡ t♦ ✜♥✐s❤ t❤❡ ♠✐❣r❛t✐♦♥ ❛♥❞ r❡st❛rt t❤❡ ❱▼ ♦♥ t❤❡ ❞❡st✐♥❛t✐♦♥ ▲❈✳
✸✳✶✵ P♦✇❡r ▼❛♥❛❣❡♠❡♥t
■♥ ♦r❞❡r t♦ ❝♦♥s❡r✈❡ ❡♥❡r❣②✱ ✐❞❧❡ ♥♦❞❡s ♥❡❡❞ t♦ ❜❡ tr❛♥s✐t✐♦♥❡❞ ✐♥t♦ ❛ ❧♦✇❡r ♣♦✇❡r
st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮ ❛❢t❡r t❤❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥ ❡♥❢♦r❝❡♠❡♥t✳ ❚❤❡r❡❢♦r❡✱ ❙♥♦♦③❡
✐♥t❡❣r❛t❡s ❛ ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t ♠♦❞✉❧❡✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡♥❛❜❧❡❞ ❜② t❤❡ s②st❡♠
❛❞♠✐♥✐str❛t♦r t♦ ♣❡r✐♦❞✐❝❛❧❧② ♦❜s❡r✈❡ t❤❡ ▲❈ ✉t✐❧✐③❛t✐♦♥ ❛♥❞ tr✐❣❣❡r ♣♦✇❡r✲s❛✈✐♥❣
st❛t❡ tr❛♥s✐t✐♦♥s ✭❡✳❣✳ ❢r♦♠ ❛❝t✐✈❡ t♦ s✉s♣❡♥❞✮ ♦♥❝❡ t❤❡② ❜❡❝♦♠❡ ✐❞❧❡ ✭✐✳❡✳ ❞♦
♥♦t ❤♦st ❛♥② ❱▼s✮✳
P❛rt✐❝✉❧❛r❧②✱ ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t ✇♦r❦s ❛s ❢♦❧❧♦✇s✳ ❙♥♦♦③❡ ❝❛♥ ❜❡ ❝♦♥✜❣✉r❡❞
t♦ ❦❡❡♣ ❛ ♥✉♠❜❡r ♦❢ r❡s❡r✈❡❞ ▲❈s ❛❧✇❛②s ♦♥ ✐♥ ♦r❞❡r t♦ st❛② r❡❛❝t✐✈❡ ❞✉r✐♥❣
♣❡r✐♦❞s ♦❢ ❧♦✇ ✉t✐❧✐③❛t✐♦♥✳ ❖t❤❡r ▲❈s ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② tr❛♥s✐t✐♦♥❡❞ ✐♥t♦ ❛ ❧♦✇❡r
♣♦✇❡r st❛t❡ ❛❢t❡r ❛ ♣r❡❞❡✜♥❡❞ ✐❞❧❡ t✐♠❡ t❤r❡s❤♦❧❞ ❤❛s ❜❡❡♥ r❡❛❝❤❡❞ ✭❡✳❣✳ ✶✽✵ s❡❝✮
❛♥❞ ♠❛r❦❡❞ ❛s ♣❛ss✐✈❡✳ P❛ss✐✈❡ r❡s♦✉r❝❡s ❛r❡ ✇♦❦❡♥ ✉♣ ❜② t❤❡ ●▼s ❡✐t❤❡r ✉♣♦♥
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✷
♥❡✇ ❱▼ s✉❜♠✐ss✐♦♥ ♦r ♦✈❡r❧♦❛❞ s✐t✉❛t✐♦♥ ✇❤❡♥ ♥♦t ❡♥♦✉❣❤ ❛❝t✐✈❡ ❝❛♣❛❝✐t② ✐s
❛✈❛✐❧❛❜❧❡ t♦ ❛❝❝♦♠♠♦❞❛t❡ t❤❡ ❱▼s✳ ❚❤❡r❡❢♦r❡ ❛ ✇❛❦❡✉♣ t❤r❡s❤♦❧❞ ❡①✐sts ✇❤✐❝❤
s♣❡❝✐✜❡s t❤❡ ❛♠♦✉♥t ♦❢ t✐♠❡ ❛ ●▼ ✇✐❧❧ ✇❛✐t ✉♥t✐❧ t❤❡ ▲❈s ❛r❡ ❝♦♥s✐❞❡r❡❞ ❛❝t✐✈❡
❜❡❢♦r❡ st❛rt✐♥❣ ❛♥♦t❤❡r ♣❧❛❝❡♠❡♥t ❛tt❡♠♣t ♦♥ t❤♦s❡ ▲❈s✳
❚❤❡ ❢♦❧❧♦✇✐♥❣ ♣♦✇❡r s❛✈✐♥❣ ❛❝t✐♦♥s ❝❛♥ ❜❡ ❡♥❛❜❧❡❞ ✐❢ ❤❛r❞✇❛r❡ s✉♣♣♦rt ✐s
❛✈❛✐❧❛❜❧❡✿ s❤✉t❞♦✇♥✱ s✉s♣❡♥❞ t♦ r❛♠✱ ❞✐s❦✱ ♦r ❜♦t❤✳ ❚❤❡r❡❜②✱ ❞✐✛❡r❡♥t s❤✉t❞♦✇♥
❛♥❞ s✉s♣❡♥❞ ❞r✐✈❡rs ❝❛♥ ❜❡ ❡❛s✐❧② ♣❧✉❣❣❡❞ ✐♥ t♦ s✉♣♣♦rt ❛♥② ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t
t♦♦❧s✳ ❋♦r ❡①❛♠♣❧❡✱ s❤✉t❞♦✇♥ ❝❛♥ ❜❡ ✐♠♣❧❡♠❡♥t❡❞ ✉s✐♥❣ ■P▼■t♦♦❧ ♦r ❜② s✐♠♣❧②
❝❛❧❧✐♥❣ t❤❡ ▲✐♥✉① ♥❛t✐✈❡ s❤✉t❞♦✇♥ ❡①❡❝✉t❛❜❧❡✳
❋✐♥❛❧❧② t♦ ❡♥❛❜❧❡ ▲❈ ♣♦✇❡r ♦♥✱ ✇❛❦❡✉♣ ❞r✐✈❡rs ❝❛♥ ❜❡ s♣❡❝✐✜❡❞✳ ❈✉rr❡♥t❧②✱
t✇♦ ✇❛❦❡✉♣ ♠❡❝❤❛♥✐s♠s ❛r❡ s✉♣♣♦rt❡❞ ✐♥ ❙♥♦♦③❡✿ ■P▼■ ❛♥❞ ❲❛❦❡✲❖♥✲▲❛♥
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t❤❡ ●r✐❞✬✺✵✵✵ ❡①♣❡r✐♠❡♥t❛❧ t❡st❜❡❞ ✐♥ ❘❡♥♥❡s ✭❋r❛♥❝❡✮ ✇✐t❤ ♦♥❡ ❊P✱ ♦♥❡ ●▲✱
♦♥❡ ●▼ ❛♥❞ ✸✶ ▲❈s✳ ❆❧❧ ♥♦❞❡s ❛r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ t✇♦ ❆▼❉ ❖♣t❡r♦♥ ✻✶✻✹
❍❊ ❈P❯s ❡❛❝❤ ❤❛✈✐♥❣ ✶✷ ❝♦r❡s ✭✐♥ t♦t❛❧ ✼✹✹ ❝♦♠♣✉t❡ ❝♦r❡s✮✱ ✹✽ ●❇ ♦❢ ❘❆▼✱
❛♥❞ ❛ ●✐❣❛❜✐t ❊t❤❡r♥❡t ❝♦♥♥❡❝t✐♦♥✳ ❚❤❡② ❛r❡ ♣♦✇❡r❡❞ ❜② s✐① ❆P❈ ❆P✼✾✷✶
♣♦✇❡r ❞✐str✐❜✉t✐♦♥ ✉♥✐ts ✭P❉❯s✮✳ P♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t❤❡
❜❡♥❝❤♠❛r❦✐♥❣ s♦❢t✇❛r❡ ❡①❡❝✉t✐♦♥ ❛r❡ ❞♦♥❡ ❢r♦♠ t✇♦ ❛❞❞✐t✐♦♥❛❧ ❙✉♥ ❋✐r❡ ❳✷✷✼✵
♥♦❞❡s ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ✐♥✢✉❡♥❝✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t r❡s✉❧ts✳
❚❤❡ ♥♦❞❡ ♦♣❡r❛t✐♥❣ s②st❡♠ ✐s ❉❡❜✐❛♥ ✇✐t❤ ❛ ✷✳✻✳✸✷✲✺✲❛♠❞✻✹ ❦❡r♥❡❧✳ ❆❧❧ t❡sts
✇❡r❡ r✉♥ ✐♥ ❛ ❤♦♠♦❣❡♥❡♦✉s ❡♥✈✐r♦♥♠❡♥t ✇✐t❤ q❡♠✉✲❦✈♠ ✵✳✶✹✳✶ ❛♥❞ ❧✐❜✈✐rt ✵✳✾✳✻✲
✷ ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ♠❛❝❤✐♥❡s✳ ❊❛❝❤ ❱▼ ✐s ✉s✐♥❣ ❛ ◗❈❖❲✷ ❞✐s❦ ✐♠❛❣❡ ✇✐t❤ t❤❡
❝♦rr❡s♣♦♥❞✐♥❣ ❜❛❝❦✐♥❣ ✐♠❛❣❡ ❤♦st❡❞ ♦♥ ❛ ◆❡t✇♦r❦ ❋✐❧❡ ❙②st❡♠ ✭◆❋❙✮✳ ❉❡❜✐❛♥
✐s ✐♥st❛❧❧❡❞ ♦♥ t❤❡ ❜❛❝❦✐♥❣ ✐♠❛❣❡ ❛♥❞ ✉s❡s ❛ r❛♠❞✐s❦ ✐♥ ♦r❞❡r t♦ s♣❡❡❞ ✉♣ t❤❡
❜♦♦t ♣r♦❝❡ss✳ ❚❤❡ ◆❋❙ s❡r✈❡r ✐s r✉♥♥✐♥❣ ♦♥ t❤❡ ❊P ✇✐t❤ ✐ts ❞✐r❡❝t♦r② ❜❡✐♥❣
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P❛❝❦✐♥❣ ❞❡♥s✐t② ✵✳✾
▼♦♥✐t♦r✐♥❣ ❜❛❝❦❧♦❣ ✶✺
❘❡s♦✉r❝❡ ❡st✐♠❛t♦rs ❛✈❡r❛❣❡
❈♦♥s♦❧✐❞❛t✐♦♥ ✐♥t❡r✈❛❧ ✶✵ ♠✐♥
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✸
❚❛❜❧❡ ✸✿ ❙❝❤❡❞✉❧❡r
P♦❧✐❝② ❆❧❣♦r✐t❤♠
❉✐s♣❛t❝❤✐♥❣ ❘♦✉♥❞❘♦❜✐♥
P❧❛❝❡♠❡♥t ❋✐rst❋✐t
❖✈❡r❧♦❛❞ s❡❡ ✸✳✼
❯♥❞❡r❧♦❛❞ s❡❡ ✸✳✼
❈♦♥s♦❧✐❞❛t✐♦♥ s❡❡ ✸✳✽
❚❛❜❧❡ ✹✿ P♦✇❡r ▼❛♥❛❣❡♠❡♥t
P❛r❛♠❡t❡r ❱❛❧✉❡
■❞❧❡ t✐♠❡ t❤r❡s❤♦❧❞ ✷ ♠✐♥
❲❛❦❡✉♣ t❤r❡s❤♦❧❞ ✸ ♠✐♥
P♦✇❡r s❛✈✐♥❣ ❛❝t✐♦♥ s❤✉t❞♦✇♥
❙❤✉t❞♦✇♥ ❞r✐✈❡r s②st❡♠
❲❛❦❡✉♣ ❞r✐✈❡r ■P▼■
✹✳✷ ❊①♣❡r✐♠❡♥t ❙❡t✉♣
❖✉r st✉❞② ✐s ❢♦❝✉s❡❞ ♦♥ ❡✈❛❧✉❛t✐♥❣ t❤❡ ❡♥❡r❣② ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ❜❡♥❡✜ts ♦❢ t❤❡
❙♥♦♦③❡ ❡♥❡r❣②✲s❛✈✐♥❣ ♠❡❝❤❛♥✐s♠s ❢♦r ❞②♥❛♠✐❝ ✇❡❜ ✇♦r❦❧♦❛❞s✳ ❚♦ ♠❛❦❡ t❤❡
st✉❞② r❡❛❧✐st✐❝✱ t❤❡ ❡①♣❡r✐♠❡♥t ✐s s❡t ✉♣ ✐♥ ❛ ✇❛② t❤❛t r❡✢❡❝ts ❛ r❡❛❧✲✇♦r❧❞
✇❡❜ ❛♣♣❧✐❝❛t✐♦♥ ❞❡♣❧♦②♠❡♥t✿ ❆♥ ❡①t❡♥s✐❜❧❡ ♣♦♦❧ ♦❢ ❱▼s✱ ❡❛❝❤ ❤♦st✐♥❣ ❛ ❝♦♣②
♦❢ ❛ ❜❛❝❦❡♥❞ ✇❡❜ ❛♣♣❧✐❝❛t✐♦♥ r✉♥♥✐♥❣ ♦♥ ❛ ❍❚❚P s❡r✈❡r✱ ✇❤✐❧❡ ❛ ❧♦❛❞✲❜❛❧❛♥❝❡r
❛❝❝❡♣ts r❡q✉❡sts ❝♦♠✐♥❣ ❢r♦♠ ❛♥ ❍❚❚P ❧♦❛❞ ✐♥❥❡❝t♦r ❝❧✐❡♥t ✭s❡❡ ❋✐❣✉r❡ ✷✮✳ ❇♦t❤
t❤❡ ❧♦❛❞✲❜❛❧❛♥❝❡r ❛♥❞ ❧♦❛❞ ✐♥❥❡❝t♦r ❛r❡ r✉♥♥✐♥❣ ♦♥ t❤❡ ❙✉♥ ❋✐r❡ ❳✷✷✼✵ ♥♦❞❡s✳
Register PDU
metrics
Apache 
Benchmark
Snooze API wrapper
Bfire engine
HTTP
B
e
n
c
h
m
a
rk
 n
o
d
e
B
a
la
n
c
e
r n
o
d
e
HAProxy 
load-balancer
L
o
g
HTTP
HAProxy 
configurator
P
o
ll
VMs
Entry 
point
Group
leader
S
n
o
o
z
e
 d
a
ta
 c
e
n
te
r
Register
Start VMsGet GL
❋✐❣✉r❡ ✷✿ ❊①♣❡r✐♠❡♥t ❙❡t✉♣
❚❤❡ ❜❛❝❦❡♥❞ ❛♣♣❧✐❝❛t✐♦♥ ❝♦♥s✐sts ♦❢ ❛ s✐♥❣❧❡ ❍❚❚P ❡♥❞♣♦✐♥t✱ ✇❤✐❝❤ tr✐❣❣❡rs
❛ ❝❛❧❧ t♦ t❤❡ str❡ss t♦♦❧ ❬✶✹❪ ✉♣♦♥ ❡❛❝❤ r❡q✉❡st r❡❝❡✐✈❡❞✳ ❊❛❝❤ str❡ss t❡st ❧♦❛❞s
❛❧❧ ❱▼ ❝♦r❡s ❞✉r✐♥❣ ♦♥❡ s❡❝♦♥❞ ❛♥❞ ✉s❡s ✺✶✷ ▼❇ ♦❢ ❘❆▼✳
❚❤❡ ❧♦❛❞✲❜❛❧❛♥❝❡r t♦♦❧ ✉s❡❞ ✐s ❍❆Pr♦①② ✈✶✳✹✳✽✱ ✇❤✐❝❤ ✐s ❛ st❛t❡✲♦❢✲t❤❡✲❛rt
❧♦❛❞✲❜❛❧❛♥❝❡r ✉s❡❞ ✐♥ ❧❛r❣❡✲s❝❛❧❡ ❞❡♣❧♦②♠❡♥ts ❬✶✺❪✳ ❍❆Pr♦①② ✐s ❝♦♥✜❣✉r❡❞ ✐♥
❍❚❚P ♠♦❞❡✱ ❢♦✉r ❝♦♥❝✉rr❡♥t ❝♦♥♥❡❝t✐♦♥s ♠❛①✐♠✉♠ ♣❡r ❜❛❝❦❡♥❞✱ r♦✉♥❞✲r♦❜✐♥
❛❧❣♦r✐t❤♠✱ ❛♥❞ ❛ ❧❛r❣❡ s❡r✈❡r t✐♠❡♦✉t t♦ ❛✈♦✐❞ ❢❛✐❧❡❞ r❡q✉❡sts✳
❋✐♥❛❧❧②✱ t❤❡ ❧♦❛❞ ✐♥❥❡❝t♦r t♦♦❧ ✐s t❤❡ ✇❡❧❧✲❦♥♦✇♥ ❆♣❛❝❤❡ ❜❡♥❝❤♠❛r❦ t♦♦❧ ❬✶✻❪✳
■t ✐s ❝♦♥✜❣✉r❡❞ t♦ s✐♠✉❧❛t❡ ✷✵ ❝♦♥❝✉rr❡♥t ✉s❡rs s❡♥❞✐♥❣ ❛ t♦t❛❧ ♥✉♠❜❡r ♦❢ ✶✺✵✵✵
r❡q✉❡sts✳ ❆❝❝♦r❞✐♥❣ t♦ ♦✉r ❡①♣❡r✐♠❡♥ts t❤❡s❡ ♣❛r❛♠❡t❡rs ♣r♦✈✐❞❡ t❤❡ ❜❡st tr❛❞❡✲
♦✛ ❜❡t✇❡❡♥ t❤❡ ❡①♣❡r✐♠❡♥t ❡①❡❝✉t✐♦♥ t✐♠❡ ❛♥❞ t❤❡ ❡✛❡❝t✐✈❡♥❡ss ♦❢ ✐❧❧✉str❛t✐♥❣
t❤❡ ❢r❛♠❡✇♦r❦ ❢❡❛t✉r❡s✳
❚❤❡ ✐♥✐t✐❛❧ ❞❡♣❧♦②♠❡♥t ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❜❛❝❦❡♥❞ ❱▼s ✐s ❞♦♥❡ ✉s✐♥❣ t❤❡
❇✜r❡ t♦♦❧ ❬✶✼❪✱ ✇❤✐❝❤ ♣r♦✈✐❞❡s ❛ ❞♦♠❛✐♥✲s♣❡❝✐✜❝ ❧❛♥❣✉❛❣❡ ✭❉❙▲✮ ❢♦r ❞❡❝❧❛r❛t✐✈❡❧②
❞❡s❝r✐❜✐♥❣ t❤❡ ♣r♦✈✐s✐♦♥✐♥❣ ❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ ❱▼s ♦♥ ❛ ❝❧♦✉❞ ♣r♦✈✐❞❡r✳ ❇✜r❡
❛❧s♦ ❛❧❧♦✇s t❤❡ ♠♦♥✐t♦r✐♥❣ ♦❢ ❛♥② ♠❡tr✐❝ ❛♥❞ ♣r♦✈✐❞❡s ❛ ✇❛② t♦ ❞❡s❝r✐❜❡ ❡❧❛st✐❝✐t②
r✉❧❡s✱ ✇❤✐❝❤ ❝❛♥ tr✐❣❣❡r ✉♣✲ ♦r ❞♦✇♥✲s❝❛❧✐♥❣ ♦❢ ❛ ♣♦♦❧ ♦❢ ❱▼s ✇❤❡♥ ❛ ❦❡②
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✹
♣❡r❢♦r♠❛♥❝❡ ✐♥❞✐❝❛t♦r ✭❑P■✮ ✐s ❜❡❧♦✇ ♦r ♦✈❡r ❛ s♣❡❝✐✜❝ t❤r❡s❤♦❧❞✳ ❚❤✐s t♦♦❧ ✐s
❝✉rr❡♥t❧② ❞❡✈❡❧♦♣❡❞ ❜② ■◆❘■❆ ✇✐t❤✐♥ t❤❡ ❇♦♥❋■❘❊ ♣r♦❥❡❝t ❬✶✽❪✳ ❆ t❤✐♥ ✇r❛♣♣❡r
✇❛s ❞❡✈❡❧♦♣❡❞ t♦ ♠❛❦❡ ❙♥♦♦③❡ ❇✜r❡✲❝♦♠♣❛t✐❜❧❡ ✭✐✳❡✳ ✐♥t❡r❛❝t ✇✐t❤ t❤❡ ❙♥♦♦③❡
❘❊❙❚❢✉❧ ❆P■ t♦ ♣r♦✈✐s✐♦♥ ❱▼s✮✳
❚❤❡ ❡①♣❡r✐♠❡♥t ❧✐❢❡❝②❝❧❡ ✐s ❛s ❢♦❧❧♦✇s✿ ♦✉r ❇✜r❡ ❉❙▲ ✐s ❢❡❞ ✐♥t♦ t❤❡ ❇✜r❡
❡♥❣✐♥❡✱ ✇❤✐❝❤ ✐♥✐t✐❛❧❧② ♣r♦✈✐s✐♦♥s ♦♥❡ ❜❛❝❦❡♥❞ ❱▼ ♦♥ ♦♥❡ ♦❢ t❤❡ ♣❤②s✐❝❛❧ ♥♦❞❡s✳
❆t ❜♦♦t t✐♠❡✱ t❤❡ ❜❛❝❦❡♥❞ ❱▼ ✇✐❧❧ ❛✉t♦♠❛t✐❝❛❧❧② r❡❣✐st❡r ✇✐t❤ t❤❡ ❧♦❛❞✲❜❛❧❛♥❝❡r
s♦ t❤❛t ✐t ❦♥♦✇s t❤❛t t❤✐s ❜❛❝❦❡♥❞ ❱▼ ✐s ❛❧✐✈❡✳ ❖♥❝❡ t❤✐s ✐♥✐t✐❛❧ ❞❡♣❧♦②♠❡♥t
❝♦♥✜❣✉r❛t✐♦♥ ✐s r❡❛❞②✱ t❤❡ ❇✜r❡ ❡♥❣✐♥❡ ✇✐❧❧ st❛rt t❤❡ ❆♣❛❝❤❡ ❜❡♥❝❤♠❛r❦ ❛❣❛✐♥st
t❤❡ ❧♦❛❞✲❜❛❧❛♥❝❡r✳ ❉✉r✐♥❣ t❤❡ ✇❤♦❧❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ ❇✜r❡ ✇✐❧❧
❛❧s♦ ♠♦♥✐t♦r ✐♥ ❛ ❜❛❝❦❣r♦✉♥❞ t❤r❡❛❞ t❤❡ t✐♠❡ r❡q✉❡sts s♣❡♥t ✇❛✐t✐♥❣ ✐♥ q✉❡✉❡
❛t t❤❡ ❧♦❛❞✲❜❛❧❛♥❝❡r ❧❡✈❡❧ ✭✐✳❡✳ ❜❡❢♦r❡ ❜❡✐♥❣ s❡r✈❡❞ ❜② ❛ ❜❛❝❦❡♥❞ ❛♣♣❧✐❝❛t✐♦♥✮✳
❖✈❡r t✐♠❡✱ t❤✐s ❑P■ ✇✐❧❧ ✈❛r② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❜❛❝❦❡♥❞ ❱▼s ❜❡✐♥❣
❛✈❛✐❧❛❜❧❡ t♦ s❡r✈❡ t❤❡ r❡q✉❡sts✳ ■♥ ♦✉r ❡①♣❡r✐♠❡♥t✱ ✐❢ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ t❤❡ ❧❛st
✸ ❛❝q✉✐s✐t✐♦♥s ♦❢ t❤❛t ♠❡tr✐❝ ✐s ♦✈❡r ✻✵✵♠s ✭❛♥ ❛❝❝❡♣t❛❜❧❡ t✐♠❡ ❢♦r ❛ ❝❧✐❡♥t t♦
✇❛✐t ❢♦r ❛ r❡q✉❡st✮✱ t❤❡♥ ❛ s❝❛❧❡✲✉♣ ❡✈❡♥t ✇✐❧❧ ❜❡ ❣❡♥❡r❛t❡❞✱ ✇❤✐❝❤ ✇✐❧❧ ✐♥❝r❡❛s❡
t❤❡ ❜❛❝❦❡♥❞ ♣♦♦❧ ❜② ❢♦✉r ♥❡✇ ❱▼s ❛t ♦♥❝❡✳ ■❢ t❤❡ ❑P■ ✐s ❜❡❧♦✇ t❤❡ t❤r❡s❤♦❧❞✱
t❤❡♥ ♥♦t❤✐♥❣ ❤❛♣♣❡♥s✳ ❚❤✐s ❡❧❛st✐❝✐t② r✉❧❡ ✐s ♠♦♥✐t♦r❡❞ ❡✈❡r② ✶✺ s❡❝♦♥❞s✱ ❛♥❞
❛❧❧ ♥❡✇❧② ❝r❡❛t❡❞ ❱▼s ♠✉st ❜❡ ✉♣ ❛♥❞ r✉♥♥✐♥❣ ❜❡❢♦r❡ ✐t ✐s ♠♦♥✐t♦r❡❞ ❛❣❛✐♥ ✭t♦
❛✈♦✐❞ ❜✉rst✐♥❣✮✳ ▼❡❛♥✇❤✐❧❡✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ❜❛❝❦❣r♦✉♥❞ ♣r♦❝❡ss ✐s r❡❣✐st❡r✐♥❣ t❤❡
♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ✈❛❧✉❡s ❝♦♠✐♥❣ ❢r♦♠ t❤❡ P❉❯s t♦ ✇❤✐❝❤ t❤❡ ♣❤②s✐❝❛❧ ♥♦❞❡s
❛r❡ ❛tt❛❝❤❡❞✳
❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✱ ✇❡ s❤♦✇ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ✭✐✳❡✳ r❡s♣♦♥s❡ t✐♠❡✮
♦❢ t❤❡ ❛♣♣❧✐❝❛t✐♦♥✱ t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♦❢ t❤❡ ♥♦❞❡s✱ t❤❡ ♥✉♠❜❡r ♦❢ ❱▼s
❛♥❞ ❧✐✈❡ ♠✐❣r❛t✐♦♥s✳ ▼♦r❡♦✈❡r✱ ✇❡ ✈✐s✉❛❧✐③❡ ❛❧❧ t❤❡ ❡✈❡♥ts ✭✐✳❡✳ ❇✜r❡✱ r❡❧♦❝❛t✐♦♥✱
❝♦♥s♦❧✐❞❛t✐♦♥✱ ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t✮ ✇❤✐❝❤ ✇❡r❡ tr✐❣❣❡r❡❞ ✐♥ ♦✉r s②st❡♠ ❞✉r✐♥❣
t❤❡ ❡①♣❡r✐♠❡♥ts✳
❚✇♦ s❝❡♥❛r✐♦s ❛r❡ ❡✈❛❧✉❛t❡❞✿ ✭✶✮ ◆♦ ❡♥❡r❣② s❛✈✐♥❣s✱ t♦ s❡r✈❡ ❛s ❛ ❜❛s❡❧✐♥❡❀
✭✷✮ ❊♥❡r❣② s❛✈✐♥❣s ❡♥❛❜❧❡❞ ✭✐✳❡✳ ✉♥❞❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥✱ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛♥❞ ♣♦✇❡r
♠❛♥❛❣❡♠❡♥t✮✳ ■♥ ❜♦t❤ s❝❡♥❛r✐♦s ♦✈❡r❧♦❛❞ ❞❡t❡❝t✐♦♥ ✐s ❡♥❛❜❧❡❞✳
✹✳✸ ❊❧❛st✐❝ ❱▼ Pr♦✈✐s✐♦♥❡r ❊✈❡♥ts
❚❤❡ ❡❧❛st✐❝ ❱▼ ♣r♦✈✐s✐♦♥❡r ✭✐✳❡✳ ❇✜r❡✮ ❡✈❡♥ts ✭✐✳❡✳ ❘❊❆❉❨✱ ❙❈❆▲■◆●✱ ❛♥❞
❙❈❆▲❊❉✮ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ❡♥❡r❣② s❛✈✐♥❣s ❡♥❛❜❧❡❞ ✭r❡❞ r❡s♣✳ ❣r❡❡♥ ❝♦❧♦r❡❞✮
❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✸✳ ❚❤❡ ❡①♣❡r✐♠❡♥t st❛rts ❜② ♣r♦✈✐s✐♦♥✐♥❣ ♦♥❡ ❜❛❝❦❡♥❞ ❱▼
✇❤✐❝❤ r❡s✉❧ts ✐♥ t❤❡ ♣r♦✈✐s✐♦♥❡r t♦ ❜❡❝♦♠❡ ❘❊❆❉❨✳ ❲❤❡♥ ✐t ❜❡❝♦♠❡s r❡❛❞② ✇❡
st❛rt t❤❡ ❛❝t✉❛❧ ❜❡♥❝❤♠❛r❦ ✇❤✐❝❤ s♦♦♥ s❛t✉r❛t❡s t❤❡ ❱▼ ❝❛♣❛❝✐t②✳ ❇✜r❡ r❡❛❝ts
❜② ❙❈❆▲■◆● ✉♣ t❤❡ ♥✉♠❜❡r ♦❢ ❱▼s t♦ ❢♦✉r✳ ■t t❛❦❡s ❛♣♣r♦①✐♠❛t❡❧② ✜✈❡ ♠✐♥✉t❡s
t♦ ♣r♦✈✐s✐♦♥ t❤❡ ❱▼s✳ ❚❤✐s ✐s r❡✢❡❝t❡❞ ✐♥ t❤❡ s✉❜s❡q✉❡♥t ❙❈❆▲❊❉ ❡✈❡♥t ✇❤✐❝❤
s✐❣♥❛❧s t❤❡ ❱▼ ♣r♦✈✐s✐♦♥✐♥❣ s✉❝❝❡ss✳ ❚❤❡ s❛♠❡ ♣r♦❝❡ss ❤❛♣♣❡♥s ✉♥t✐❧ t❤❡ ❡♥❞
♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ ❡①❡❝✉t✐♦♥✳ ■♥ t♦t❛❧ ❢♦✉r ❙❈❆▲■◆● ✭r❡s♣✳ ❙❈❆▲❊❉✮ ❛r❡
tr✐❣❣❡r❡❞ ✇❤✐❝❤ r❡s✉❧t ✐♥ ✶✼ ❱▼s t♦ ❜❡ ♣r♦✈✐s✐♦♥❡❞ ❜② t❤❡ ❡♥❞ ♦❢ t❤❡ ❆♣❛❝❤❡
❜❡♥❝❤♠❛r❦✳ ◆♦t❡ t❤❛t t❤❡ ❡①♣❡r✐♠❡♥t ✇✐t❤ ❡♥❡r❣② s❛✈✐♥❣s ❡♥❛❜❧❡❞ ❧❛sts ❛ ❜✐t
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✐♥ ❋✐❣✉r❡ ✹✳ ❆s ✐t ❝❛♥ ❜❡ ♦❜s❡r✈❡❞✱ r❡s♣♦♥s❡ t✐♠❡ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢
r❡q✉❡sts ✐♥ ❜♦t❤ ❝❛s❡s ✭✐✳❡✳ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ❡♥❡r❣② s❛✈✐♥❣s✮✳ ❍♦✇❡✈❡r✱ ♠♦r❡
✐♥t❡r❡st✐♥❣❧② ✐s t❤❡ ❢❛❝t t❤❛t r❡s♣♦♥s❡ t✐♠❡ ✐s ♥♦t s✐❣♥✐✜❝❛♥t❧② ✐♠♣❛❝t❡❞ ✇❤❡♥
❡♥❡r❣② s❛✈✐♥❣s ❛r❡ ❡♥❛❜❧❡❞✳ P❛rt✐❝✉❧❛r❧②✱ ✐♥ ❜♦t❤ s❝❡♥❛r✐♦s ❛ r❡s♣♦♥s❡ t✐♠❡ ♣❡❡❦
❡①✐sts ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥t✳ ■♥❞❡❡❞✱ ♦♥❡ ❜❛❝❦❡♥❞ ❱▼ ✐s q✉✐❝❦❧②
s❛t✉r❛t❡❞✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t✐♠❡s ♣❛ss❡s ♦♥❧② ♠✐♥♦r ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥
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❚❤❡ ♠❛✐♥ r❡❛s♦♥ ❢♦r t❤❡ ♠✐♥♦r ♣❡r❢♦r♠❛♥❝❡ ❞❡❣r❛❞❛t✐♦♥ ❧✐❡s ✐♥ t❤❡ ❢❛❝t t❤❛t
♦♥❝❡ ❡♥❡r❣② s❛✈✐♥❣s ❛r❡ ❡♥❛❜❧❡❞✱ s❡r✈❡rs ❛r❡ ♣♦✇❡r❡❞ ❞♦✇♥✱ t❤✉s ✐♥❝r❡❛s✐♥❣ t❤❡
t✐♠❡ r❡q✉❡sts r❡♠❛✐♥ ✐♥ t❤❡ ❍❆Pr♦①② q✉❡✉❡ ✉♥t✐❧ t❤❡② ❝❛♥ ❜❡ s❡r✈❡❞ ❜② ♦♥❡ ♦❢
t❤❡ ❜❛❝❦❡♥❞s✳ ▼♦r❡♦✈❡r✱ ❇✜r❡ ❞②♥❛♠✐❝❛❧❧② ✐♥❝r❡❛s❡s t❤❡ ♥✉♠❜❡r ♦❢ ❱▼s ✇✐t❤
❣r♦✇✐♥❣ ❧♦❛❞✳ ■♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ❱▼s ✐♥✈♦❧✈❡s s❝❤❡❞✉❧✐♥❣✱ ♣♦✇❡r✐♥❣ ♦♥
▲❈s ❛s ✇❡❧❧ ❛s ❛ s♦❢t✇❛r❡ ♣r♦✈✐s✐♦♥✐♥❣ ♣❤❛s❡ ✐♥ ✇❤✐❝❤ t♦♦❧s ❛r❡ ✐♥st❛❧❧❡❞ ♦♥ t❤❡
s❝❤❡❞✉❧❡❞ ❱▼s ✐♥ ♦r❞❡r t♦ r❡❣✐st❡r ✇✐t❤ ❍❆Pr♦①②✳ ❚❤✐s r❡q✉✐r❡s t✐♠❡ ❛♥❞ t❤✉s
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♠❛t❡❧② ✺✳✼ ❦❲ ♦❢ ✐❞❧❡ ♣♦✇❡r✳ ❲✐t❤ t❤❡ st❛rt ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦ t❤❡ ❧♦❛❞ ✐♥❝r❡❛s❡s
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❋✐❣✉r❡ ✺✿ P♦✇❡r ❝♦♥s✉♠♣t✐♦♥
❙♥♦♦③❡ ♦✈❡r❝♦♠♠✐ts ♥♦❞❡s ❜② ❛❧❧♦✇✐♥❣ t❤❡♠ t♦ ❤♦st ♠♦r❡ ❱▼s t❤❛♥ ♣❤②s✐❝❛❧
❝❛♣❛❝✐t② ❛❧❧♦✇s ✐t✳ ❚❤✐s ❧❡❛❞s t♦ ♦✈❡r❧♦❛❞❡❞ s✐t✉❛t✐♦♥s r❡q✉✐r✐♥❣ ❱▼s t♦ ❜❡ ❧✐✈❡
♠✐❣r❛t❡❞✳ ■♥ t❤✐s ❝♦♥t❡①t ✇❡ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t✇♦ t②♣❡s ♦❢ ❡✈❡♥ts✿ ♦✈❡r❧♦❛❞
r❡❧♦❝❛t✐♦♥ ✭❖❘✮ ❛♥❞ ♠✐❣r❛t✐♦♥ ♣❧❛♥ ❡♥❢♦r❝❡❞ ✭▼P❊✮✳ ❚❤❡ ❢♦r♠❡r ✐s tr✐❣❣❡r❡❞
✐♥ ❝❛s❡ ♦❢ ♦✈❡r❧♦❛❞ s✐t✉❛t✐♦♥ ❛♥❞ r❡s✉❧ts ✐♥ ❛ ♠✐❣r❛t✐♦♥ ♣❧❛♥ ✇❤✐❝❤ ♥❡❡❞s t♦
❜❡ ❡♥❢♦r❝❡❞✳ ▼P❊ ❡✈❡♥ts s✐❣♥❛❧ t❤❡ ❡♥❞ ♦❢ t❤❡ ❡♥❢♦r❝❡♠❡♥t ♣r♦❝❡❞✉r❡✳ ❋✐❣✉r❡
✻ s❤♦✇s t❤❡ ❡✈❡♥t ♣r♦✜❧❡ ✐♥❝❧✉❞✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♠✐❣r❛t✐♦♥s✳ ❆s ✐t ❝❛♥ ❜❡
♦❜s❡r✈❡❞ t❤❡ ✜rst t✇♦ ❖❘ ❡✈❡♥ts tr✐❣❣❡r ✜✈❡ ♠✐❣r❛t✐♦♥s✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t
t❤❛t t❤❡ ❋✐rst✲❋✐t ♣❧❛❝❡♠❡♥t ✐s ♣❡r❢♦r♠❡❞ ✉♣♦♥ ✐♥✐t✐❛❧ ❱▼ s✉❜♠✐ss✐♦♥✳ ❚❤✐s
❧❡❛❞s t♦ ❛♥ ♦✈❡r❧♦❛❞ s✐t✉❛t✐♦♥ ♦♥ t❤❡ ▲❈s ✇❤✐❝❤ ♥❡❡❞s t♦ ❜❡ r❡s♦❧✈❡❞✳ ❍♦✇❡✈❡r✱
❛s t✐♠❡ ♣r♦❣r❡ss❡s t❤❡ ♥✉♠❜❡r ♦❢ ♠✐❣r❛t✐♦♥s ❞❡❝r❡❛s❡s ❛s ❱▼s ❛r❡ ♣❧❛❝❡❞ ♦♥
♠♦r❡ ❧✐❣❤t❧② ❧♦❛❞❡❞ ▲❈s✳
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❋✐❣✉r❡ ✻✿ ❙♥♦♦③❡ s②st❡♠ ❡✈❡♥ts ✇✐t❤♦✉t ❡♥❡r❣② s❛✈✐♥❣s
❲✐t❤ ❡♥❡r❣② s❛✈✐♥❣s ❡♥❛❜❧❡❞✱ ✇❤❡♥ t❤❡ ❡①♣❡r✐♠❡♥t st❛rts t❤❡ s②st❡♠ ✐s ✐❞❧❡✱
❛♥❞ t❤✉s t❤❡ ♥♦❞❡s ❤❛✈❡ ❜❡❡♥ ♣♦✇❡r❡❞ ❞♦✇♥ ❜② ❙♥♦♦③❡✱ r❡❞✉❝✐♥❣ t❤❡ ♣♦✇❡r
❝♦♥s✉♠♣t✐♦♥ t♦ ❛♣♣r♦①✐♠❛t❡❧② ♦♥❡ ❦❲ ✭s❡❡ ❋✐❣✉r❡ ✺✮✳
❲❤❡♥ t❤❡ ❜❡♥❝❤♠❛r❦ ✐s st❛rt❡❞ t❤❡ s②st❡♠ r❡❛❝ts ❜② t❛❦✐♥❣ ❛❝t✐♦♥s r❡q✉✐r❡❞
t♦ ♣r♦✈✐s✐♦♥ ❥✉st ❛s ♠❛♥② ♥♦❞❡s ❛s ♥❡❡❞❡❞ t♦ ❤♦st t❤❡ ❱▼s✳ ❚❤✐s r❡s✉❧ts ✐♥
t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ❢♦❧❧♦✇✐♥❣ t❤❡ s②st❡♠ ✉t✐❧✐③❛t✐♦♥ ✭✐✳❡✳ ✐♥❝r❡❛s✐♥❣ ♥✉♠❜❡r
♦❢ ❱▼s✮✳ ◆♦t❡ t❤❛t t❤❡ ♣♦✇❡r ❝♦♥s✉♠♣t✐♦♥ ♥❡✈❡r ❞r♦♣s t♦ t❤❡ ✐♥✐t✐❛❧ ✈❛❧✉❡
✭✐✳❡✳ ♦♥❡ ❦❲✮ ❛s ❱▼s ❛r❡ ❦❡♣t ✐♥ t❤❡ s②st❡♠ ✐♥ ♦r❞❡r t♦ ✐❧❧✉str❛t❡ t❤❡ ❢r❛♠❡✲
✇♦r❦ ♠❡❝❤❛♥✐s♠s✳ ❈♦♥s❡q✉❡♥t❧②✱ ♦♥❝❡ ✐❞❧❡ t❤❡② st✐❧❧ ❝♦♥s✉♠❡ ❛❞❞✐t✐♦♥❛❧ ♣♦✇❡r✳
❘❘ ♥➦ ✼✾✹✻
❊♥❡r❣② ▼❛♥❛❣❡♠❡♥t ✐♥ ■❛❛❙ ❈❧♦✉❞s✿ ❆ ❍♦❧✐st✐❝ ❆♣♣r♦❛❝❤ ✶✼
■♥ ❛ ♣r♦❞✉❝t✐♦♥ ❡♥✈✐r♦♥♠❡♥t ❱▼s ✇♦✉❧❞ ❜❡ s❤✉t❞♦✇♥ ❜② t❤❡ ❝✉st♦♠❡rs t❤✉s
r❡s✉❧t✐♥❣ ✐♥ ❛❞❞✐t✐♦♥❛❧ ♣♦✇❡r s❛✈✐♥❣s✳
P❛rt✐❝✉❧❛r❧②✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❛❝t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✼ ❛r❡ ♣❡r❢♦r♠❡❞✿ ✭✶✮
❞❡t❡❝t ▲❈ ✉♥❞❡r❧♦❛❞ ❛♥❞ ♦✈❡r❧♦❛❞❀ ✭✷✮ tr✐❣❣❡r ✉♥❞❡r❧♦❛❞ ❛♥❞ ♦✈❡r❧♦❛❞ r❡❧♦❝❛t✐♦♥
✭❯❘ r❡s♣✳ ❖❘✮ ❛❧❣♦r✐t❤♠s❀ ✭✸✮ ❡♥❢♦r❝❡ ♠✐❣r❛t✐♦♥ ♣❧❛♥s ✭▼P❊✮❀ ✭✹✮ ♣❡r❢♦r♠
♣❡r✐♦❞✐❝ ❝♦♥s♦❧✐❞❛t✐♦♥ ✭❈✮❀ ✭✺✮ t❛❦❡ ♣♦✇❡r s❛✈✐♥❣ ❛❝t✐♦♥s s✉❝❤ ❛s ♣♦✇❡r ✉♣ ❛♥❞
❞♦✇♥ ✭P❯P r❡s♣✳ P❉❖❲◆✮ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝✉rr❡♥t ❧♦❛❞ ❝♦♥❞✐t✐♦♥s✳ ■♥ ♦r❞❡r
t♦ ❣❡t ❛♥ ✐♥s✐❣❤t ✐♥ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦✉r ✇❡ ❤❛✈❡ ❝❛♣t✉r❡❞ ❛❧❧ t❤❡s❡ ❡✈❡♥ts✳
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❋✐❣✉r❡ ✼✿ ❙♥♦♦③❡ s②st❡♠ ❡✈❡♥ts ✇✐t❤ ❡♥❡r❣② s❛✈✐♥❣s ❡♥❛❜❧❡❞
❉✉r✐♥❣ t❤❡ ❜❡♥❝❤♠❛r❦ ❡①❡❝✉t✐♦♥ t❤❡ ✜rst ❖❘ ❡✈❡♥t ❛♣♣❡❛rs ❛s t❤❡ s②st❡♠
❜❡❝♦♠❡s ♦✈❡r❧♦❛❞❡❞✳ ❚❤❡ ♦✈❡r❧♦❛❞ s✐t✉❛t✐♦♥ ✐s r❡s♦❧✈❡❞ ❜② ♣♦✇❡r✐♥❣ ✉♣ ♦♥❡ ▲❈
❛♥❞ ♠✐❣r❛t✐♥❣ ✜✈❡ ❱▼s✳ ❚❤❡♥ ❝♦♥s♦❧✐❞❛t✐♦♥ ✐s st❛rt❡❞ ✇❤✐❝❤ ♠✐❣r❛t❡s t✇♦ ❱▼s✳
❚❤❡ s②st❡♠ ❝♦♥t✐♥✉❡s t♦ r❡❛❝t t♦ ❖❘✴❯❘ ❡✈❡♥ts ❛♥❞ ❛❞❛♣t t❤❡ ❞❛t❛ ❝❡♥t❡r s✐③❡
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝✉rr❡♥t ❧♦❛❞ ✭✐✳❡✳ P❯P ❛♥❞ P❉❖❲◆ ❡✈❡♥ts ❢♦❧❧♦✇✮ ✉♥t✐❧ t❤❡
❡♥❞ ♦❢ t❤❡ ❜❡♥❝❤♠❛r❦✳ ◆♦t❡ t❤❛t t❤❡ ♥✉♠❜❡r ♦❢ ♠✐❣r❛t✐♦♥s ❞❡❝r❡❛s❡s ✇✐t❤
t❤❡ ❜❡♥❝❤♠❛r❦ ❡①❡❝✉t✐♦♥ t✐♠❡ ❛s t❤❡ ❍❆Pr♦①② ❧♦❛❞ ❞❡❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣
♥✉♠❜❡r ♦❢ ❜❛❝❦❡♥❞ ❱▼s t❤✉s r❡s✉❧t✐♥❣ ✐♥ ❧❡ss ❖❘ ❡✈❡♥ts✳ ❚♦✇❛r❞s t❤❡ ❡♥❞ ♦❢
t❤❡ ❜❡♥❝❤♠❛r❦ ❯❘ ❤❛♣♣❡♥s ❛♥❞ r❡s✉❧ts ✐♥ ❛ s❡r✐❡s ♦❢ P❉❖❲◆ ❡✈❡♥ts✳ ❋✐♥❛❧❧②✱
❝♦♥s♦❧✐❞❛t✐♦♥ ✐s st❛rt❡❞ ❛♥❞ ✐♠♣r♦✈❡s t❤❡ ❱▼ ♣❧❛❝❡♠❡♥t ❜② ♠✐❣r❛t✐♥❣ ♦♥❡ ❱▼✳
❚❤✐s s❤♦✇s t❤❛t r❡❧♦❝❛t✐♦♥ ❛♥❞ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛r❡ ❝♦♠♣❧❡♠❡♥t❛r②✳
P✉tt✐♥❣ ❛❧❧ t❤❡ r❡s✉❧ts t♦❣❡t❤❡r✱ ❞❛t❛ ❝❡♥t❡r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♠❡❛s✉r❡❞
❞✉r✐♥❣ t❤❡ ❜❡♥❝❤♠❛r❦ ❡①❡❝✉t✐♦♥ ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t ❡♥❛❜❧❡❞
❛♠♦✉♥t❡❞ t♦ ✸✳✶✾ ❦❲❤ ✭✸✹ ♥♦❞❡s✮✱ r❡s♣❡❝t✐✈❡❧② ✶✳✵✺ ❦❲❤ ✭✉♣ t♦ ✶✶ ♥♦❞❡s✮✱
r❡s✉❧t✐♥❣ ✐♥ ✻✼✪ ♦❢ ❡♥❡r❣② ❜❡✐♥❣ ❝♦♥s❡r✈❡❞✳ ❲❡ ❡st✐♠❛t❡❞ t❤❛t ❢♦r t❤❡ s❛♠❡
✇♦r❦❧♦❛❞ ✇✐t❤ ❛ s♠❛❧❧❡r ❞❛t❛ ❝❡♥t❡r s✐③❡ ♦❢ ✶✼ ♥♦❞❡s✱ t❤❡ ❡♥❡r❣② ❣❛✐♥s ✇♦✉❧❞
❤❛✈❡ ❜❡❡♥ ❛♣♣r♦①✐♠❛t❡❧② ✸✹✪✳
✺ ❈♦♥❝❧✉s✐♦♥s ❛♥❞ ❋✉t✉r❡ ❲♦r❦
❚❤✐s ♣❛♣❡r ❤❛s ♣r❡s❡♥t❡❞ ❛♥❞ ❡✈❛❧✉❛t❡❞ t❤❡ ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ♠❡❝❤❛♥✐s♠s
♦❢ ❛ ✉♥✐q✉❡ ❤♦❧✐st✐❝ ❡♥❡r❣②✲❛✇❛r❡ ❱▼ ♠❛♥❛❣❡♠❡♥t ❢r❛♠❡✇♦r❦ ❝❛❧❧❡❞ ❙♥♦♦③❡✳
❙♥♦♦③❡ ❤❛s ❛ ❞✐r❡❝t ♣r❛❝t✐❝❛❧ ❛♣♣❧✐❝❛t✐♦♥✿ ✐t ❝❛♥ ❜❡ ❡✐t❤❡r ✉t✐❧✐③❡❞ ✐♥ ♦r❞❡r t♦
❡✣❝✐❡♥t❧② ♠❛♥❛❣❡ ♣r♦❞✉❝t✐♦♥ ❞❛t❛ ❝❡♥t❡rs ♦r s❡r✈❡ ❛s ❛ t❡st❜❡❞ ❢♦r ❛❞✈❛♥❝❡❞
❡♥❡r❣②✲❛✇❛r❡ ❱▼ s❝❤❡❞✉❧✐♥❣ ❛❧❣♦r✐t❤♠s✳
❚♦ t❤❡ ❜❡st ♦❢ ♦✉r ❦♥♦✇❧❡❞❣❡ t❤✐s ✐s t❤❡ ✜rst ❝❧♦✉❞ ♠❛♥❛❣❡♠❡♥t s②st❡♠
✇❤✐❝❤ ✐♥t❡❣r❛t❡s ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧❧② ❡✈❛❧✉❛t❡s ♠♦st ♦❢ t❤❡ r❡q✉✐r❡❞ ♠❡❝❤❛♥✐s♠s
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❞❡r❧♦❛❞ s✐t✉❛t✐♦♥s ❛♥❞ ✜♥❛❧❧② ♣❡r❢♦r♠s ❡✈❡♥t✲❜❛s❡❞ ❱▼ r❡❧♦❝❛t✐♦♥ ❛♥❞ ♣❡r✐♦❞✐❝
❝♦♥s♦❧✐❞❛t✐♦♥✳ ❙♥♦♦③❡ ✐s t❤❡ ✜rst s②st❡♠ ✐♠♣❧❡♠❡♥t✐♥❣ t❤❡ ❙❡r❝♦♥ ❝♦♥s♦❧✐❞❛t✐♦♥
❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ✇❛s ♣r❡✈✐♦✉s❧② ♦♥❧② ❡✈❛❧✉❛t❡❞ ❜② s✐♠✉❧❛t✐♦♥✳ ❋✐♥❛❧❧②✱ ♦♥❝❡ ❡♥✲
❡r❣② s❛✈✐♥❣s ❛r❡ ❡♥❛❜❧❡❞✱ ✐❞❧❡ s❡r✈❡rs ❛r❡ ❛✉t♦♠❛t✐❝❛❧❧② tr❛♥s✐t✐♦♥❡❞ ✐♥t♦ ❛ ❧♦✇❡r
♣♦✇❡r st❛t❡ ✭❡✳❣✳ s✉s♣❡♥❞✮ ❛♥❞ ✇♦❦❡♥ ✉♣ ♦♥ ❞❡♠❛♥❞✳
❚❤❡ ❙♥♦♦③❡ ❡♥❡r❣② ♠❛♥❛❣❡♠❡♥t ♠❡❝❤❛♥✐s♠s ❤❛✈❡ ❜❡❡♥ ❡①t❡♥s✐✈❡❧② ❡✈❛❧✉✲
❛t❡❞ ✉s✐♥❣ ❛ r❡❛❧✐st✐❝ ❞②♥❛♠✐❝ ✇❡❜ ❞❡♣❧♦②♠❡♥t s❝❡♥❛r✐♦ ♦♥ ✸✹ ♣♦✇❡r✲♠❡t❡r❡❞
♥♦❞❡s ♦❢ t❤❡ ●r✐❞✬✺✵✵✵ ❡①♣❡r✐♠❡♥t❛❧ t❡st❜❡❞✳ ❖✉r r❡s✉❧ts ❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡
s②st❡♠ ✐s ❛❜❧❡ t♦ ❞②♥❛♠✐❝❛❧❧② s❝❛❧❡ t❤❡ ❞❛t❛ ❝❡♥t❡r ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥ ♣r♦♣♦r✲
t✐♦♥❛❧❧② t♦ ✐ts ✉t✐❧✐③❛t✐♦♥ t❤✉s ❛❧❧♦✇✐♥❣ ✐t t♦ ❝♦♥s❡r✈❡ s✉❜st❛♥t✐❛❧ ♣♦✇❡r ❛♠♦✉♥ts
✇✐t❤ ♦♥❧② ❧✐♠✐t❡❞ ✐♠♣❛❝t ♦♥ ❛♣♣❧✐❝❛t✐♦♥ ♣❡r❢♦r♠❛♥❝❡✳ ■♥ ♦✉r ❡①♣❡r✐♠❡♥ts ✇❡
❤❛✈❡ s❤♦✇♥ t❤❛t ✇✐t❤ ❛ r❡❛❧✐st✐❝ ✇♦r❦❧♦❛❞ ✉♣ t♦ ✻✼✪ ♦❢ ❡♥❡r❣② ❝♦✉❧❞ ❜❡ ❝♦♥✲
s❡r✈❡❞✳ ❖❜✈✐♦✉s❧② t❤❡ ❛❝❤✐❡✈❛❜❧❡ ❡♥❡r❣② s❛✈✐♥❣s ❤✐❣❤❧② ❞❡♣❡♥❞ ♦♥ t❤❡ ✇♦r❦❧♦❛❞
❛♥❞ t❤❡ ❞❛t❛ ❝❡♥t❡r s✐③❡✳
■♥ t❤❡ ❢✉t✉r❡ ✇❡ ✐♥t❡♥❞ t♦ ❡①t❡♥❞ ♦✉r ✇♦r❦ t♦ s❝✐❡♥t✐✜❝ ❛♥❞ ❞❛t❛ ❛♥❛❧②s✐s
❛♣♣❧✐❝❛t✐♦♥s ❛♥❞ ❡✈❛❧✉❛t❡ ❞✐✛❡r❡♥t ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t ❛❝t✐♦♥s ✭❡✳❣✳ s✉s♣❡♥❞
t♦ r❛♠✱ ❞✐s❦✱ ❜♦t❤✮✳ ▼♦r❡♦✈❡r ✇❡ ♣❧❛♥ t♦ ✐♥t❡❣r❛t❡ ♦✉r ♣r❡✈✐♦✉s❧② ♣r♦♣♦s❡❞
♥❛t✉r❡✲✐♥s♣✐r❡❞ ❱▼ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❬✶✾❪ ❛♥❞ ❝♦♠♣❛r❡ ✐ts s❝❛❧❛❜✐❧✐t② ✇✐t❤
t❤❡ ❡①✐st✐♥❣ ❣r❡❡❞② ❛❧❣♦r✐t❤♠ ❛s ✇❡❧❧ ❛s ❛❧t❡r♥❛t✐✈❡ ❝♦♥s♦❧✐❞❛t✐♦♥ ❛♣♣r♦❛❝❤❡s
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❧❡❛r♥✐♥❣ t❡❝❤♥✐q✉❡s ✐♥ ♦r❞❡r t♦ ♣r❡❞✐❝t ❱▼ r❡s♦✉r❝❡ ✉t✐❧✐③❛t✐♦♥ ♣❡❛❦s ❛♥❞ tr✐❣❣❡r
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